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Condensed polyhedral oligomeric silsesquioxane (POSS) family of materials are very attractive as a nanoscale
drug delivery system in cancer therapy. This work describes a novel method for conjugation of poorly soluble
anticancer drug paclitaxel (PTX) to octa-aminopropyl polyhedral oligomeric silsesquioxane hydrochloride salt
nanoparticles (OA-POSS NPs). The synthesized nanoconjugate of PTX and OA-POSS NPs (PTX,-OA-POSSg.,
prodrug) was fully soluble in aqueous solution as compared to the free PTX.

1. Introduction

Paclitaxel (PTX) is a member of the taxane family of compounds
extracted from the bark of the Pacific yew tree Taxus brevifolin [1]. PTX
is widely used as an anticancer drug against a wide range of cancers
including breast, ovarian and lung cancers. However, the effectiveness
of PTX as an anticancer drug is limited by its low solubility in aqueous
physiological medium (5.56x 1072 g/L) as well as its low permeability in
the tumor tissue [2]. In this regard, formulation based on a mixture of
Cremophor EL and dehydrated ethanol (50:50, v/v) known as Taxol ®
(Bristol-Myers Squibb) was developed. Due to its some adverse side ef-
fects corresponded to Cremophor EL and dehydrated ethanol, there is an
immediate need for the expansion of new alternative PTX formulations
[3]. Polymeric nanoparticles (NPs) and dendrimers have been used
extensively for encapsulation or conjugation of anticancer agents to
increase the drug’s residence time in circulation and sustained drug
release in the tumor tissue [4,5]. However, the use of polymeric NPs in
cancer therapy is limited by polydispersity and dendrimers require a
multistep synthetic process. NPs based on oligomers of symmetric
nanostructured silsesquioxane (POSS), with their high water solubility
and ease of functionalization, can overcome the shortcomings of poly-
meric NPs and dendrimers as a carrier in drug delivery [6]. Moreover,
POSS NPs possess the ability to penetrate cell membranes which is
important in drug delivery to tumor cells [7]. Here we report on a novel,
one-step method to functionalize multiple arms of OA-POSS with PTX to
produce the PTX,-OA-POSSg , nanoconjugate, as a water-soluble PTX
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prodrug.
2. Experimental section
2.1. Chemicals and instruments

The chemicals and instruments used in this work are described in
Supporting Information file S1.

2.2. Synthesis of OA-POSS NPs

The procedure for the synthesis of OA-POSS NPs is provided in
Supporting Information file S2.

2.3. Synthesis of PTX-COOH (Taxol-2'-hemisuccinate)

Taxol-2'-hemisuccinate was synthesized according to a procedure
previously described [8]. Briefly, in a 25 ml round bottom flask con-
taining 270 mg of Taxol (PTX) and 38 mg of succinic anhydride (SA) in
13 ml of CHCly, 36 uL (10-fold molar excess) of dry pyridine was added
at ambient temperature and stirred for 3 days. The progress of the re-
action was monitored by TLC (ethyl acetate-hexane, 1:1, v/v). After the
reaction, the solvent was evaporated under vacuum, the residue was
dissolved in CH,Cly (5 ml), and the product (Taxol-2'-hemisuccinate)
was purified by silica gel column chromatography (ethyl aceta-
te-hexane, 1:1, v/v) to provide 258 mg of product (86%).

Received 29 March 2021; Received in revised form 25 August 2021; Accepted 1 October 2021

Available online 8 October 2021
0167-577X/© 2021 Elsevier B.V. All rights reserved.


mailto:akbari.a@umsu.ac.ir
www.sciencedirect.com/science/journal/0167577X
https://www.elsevier.com/locate/matlet
https://doi.org/10.1016/j.matlet.2021.131013
https://doi.org/10.1016/j.matlet.2021.131013
https://doi.org/10.1016/j.matlet.2021.131013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matlet.2021.131013&domain=pdf

J. Rezaie et al.

Materials Letters 307 (2022) 131013

/\\l [ ;
1 b
0o~ 0o Q9 on ¢
iy Ly g i
SN 0,/ S( i ) NN
ﬂV,T H o on /\\(%/ N /Lo o . L)/ H
HO ~ o N [,J\ Pyridine
o L sdays
N o
/\:/ ° °
Taxol (PTX) SA
/ o \\\
/ J
/ q ) ~ . o ﬂvj o J\D 0 on \
O [ 1 . / VY4
o5 o3 oL, o o on R0 R [~ ’L‘N' .lo ,\:;( \I)\ \
oaross ¢ | o/ ‘[N [V A ) ENowtMm o N0 R o w0V
RS-0/ N \ g O \ ¢ o ) |
S-T%,,siCO R /70 oH H q 50/ e \ INA o /
R { . 7 si=0 si-OF \ —_ S_/ o
R Y of Tﬂo o R o e \ o\‘H\,J )
\ 0= = \ /
- \ OH \ n=(23)
R= (’ " NH,. HCl PTX,-OA-POSS, /
| .
/s PTX-COOH " o
\

o

Fig. 1. The synthesis of water-soluble prodrug PTX,-OA-POSSg_,,.
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Fig. 2. (A) MALDI-TOF spectrum, (B) FTIR spectrum, (C) TEM image and (D) the corresponding TEM-elemental images of PTX,-OA-POSSg_, nanoconjugates.

2.4. Synthesis of water-soluble PTX,;-OA-POSSg., nanoconjugate

PTX-COOH (50 mg, 50 umol), triethylamine (30 pL) and 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-
MM, 20 mg, 60 umol) were stirred in 2 ml dry DMSO until the solid was
completely dissolved. To the mixture solution, OA-POSS (20 mg, 17
umol) was added. The mixture was stirred at ambient temperature under
argon atmosphere. After stirring for 24 h, the resulting mixture was
poured into acetonitrile (45 ml) containing 0.1% HCI, vortexed,
precipitated, and collected by vacuum filtration.

3. Results and discussion
3.1. Synthesis and characterization of materials

OA-POSS was synthesized by hydrolysis and condensation of 3-ami-
nopropyltriethoxysilane (APTES) in acidic medium at 90 °C [9]. Pacli-
taxel (PTX) was reacted with succinic anhydride in the presence of
catalytic amount of pyridine for functionalization with carboxy groups
(PTX-COOH) and formation of an ester bond (cleavable by enzymes) at

the C2 position [8]. The PTX,-OA-POSSg., nanoconjugate was synthe-
sized by conjugating the water-soluble OA-POSS NPs with PTX-COOH
using DMT-MM as a coupling reagent, as depicted in Fig. 1.

The formation of OA-POSS, PTX-COOH and PTX,-OA-POSSg., was
confirmed by MALDI-TOF MS. The presence of two sharp peaks at m/z
2753 and 3688 in the mass spectra (Fig. 2A), which were assigned to
PTX5-OA-POSSg (calculated theoretical molecular weight (MW) 2753)
and PTX3-OA-POSS;s (calculated theoretical MW 3689) nanoconjugates,
respectively, confirmed the successful conjugation of two or three PTX
molecules to OA-POSS NPs. The molecular peaks at m/z 881 (calculated
theoretical MW 881) and 954 (calculated theoretical MW 953.9) in MS
spectra of Figs. S1 and S2 confirmed the formation of OA-POSS and PTX-
COOH, respectively. The chemical composition of the synthesized PTX,-
OA-POSSg.,, was studied by FTIR spectroscopy. The appearance of a new
peak at 1589 cm ! in the FTIR spectrum of PTX,-OA-POSSg.,, (Fig. 2B),
which is related to the amide bond vibration, confirmed the conjugation
of PTX-COOH to OA-POSS. The presence of two other new characteristic
peaks at 1436 cm ™! and 720 cm ™!, which were assigned to the -C=C-
stretching vibration of benzene ring of PTX [8], further confirmed suc-
cessful conjugation of PTX-COOH to OA-POSS. In addition, the Si-O-Si
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Fig. 3. H NMR spectra of OA-POSS (in D20), PTX (in DMSO-de), PTX-COOH (in DMSO-dg) and PTX,-OA-POSSg.,, nanoconjugate (in D20).

asymmetric stretching absorption between 1110 and 1125 ecm ™! per-
sisted as the most prominent peak of POSS cage in the spectrum of PTX,-
OA-POSSg., [10]. The morphology of OA-POSS and PTX,-OA-POSSg
nanoconjugates was further studied by TEM analysis as shown in Fig. S3
and Fig. 2C, respectively. From Fig. S3, OA-POSS cores are apparent as
dark spots with dimeters in the range of 5-10 nm [11]. However, the
mean size of the PTX,-OA-POSSg , nanoconjugates increased due to high
aggregation tendency. The nanoconjugates had a spherical shape with
an average size of 20-30 nm. The elemental mapping images (Fig. 2D)
reveal the existence of C, N, O, Si and Cl elements in PTX,-OA-POSSg._,,.

THNMR spectra of OA-POSS, PTX, PTX-COOH and PTX,-OA-POSSg_,
are shown in Fig. 3. 'H NMR spectrum of OA-POSS shows three sharp
peaks with chemical shifts at 0.72, 1.67 and 2.90 ppm corresponding to
Si-CHgp, —-CH; and —~CH2-N- methylene groups, respectively [9]. The B3
NMR spectrum of PTX-COOH showed the characteristic peaks centered
at 2.6 ppm which corresponded to ~-CH2CH,- group of the succinic an-
hydride. In addition, the characteristic peak of 2-H of PTX at 4.70 ppm
was shifted to 5.95 ppm in PTX-COOH [8]. As compared with the 'H
NMR spectrum of OA-POSS, the aromatic chemical shifts at 7.2-8.0 ppm
in the spectrum of PTX,;,-OA-POSSg_j, corresponded to the benzene ring of
PTX. These results confirmed successful synthesis of the water-soluble
PTX,-OA-POSSg ;, nanoconjugate.

For the stability study, PTX,-OA-POSSg., nanoconjugate was dis-
solved in distilled water and stored at room temperature. DLS result
which is in good accordance with TEM results showed no remarkable
change in the hydrodynamic particle size of PTX,-OA-POSSg , after 14
days (Fig. S4). This means that there is no physical association in PTX,-
OA-POSSg., nanoconjugate, which guaranteed its high stability in
distilled water. Finally, the solubility of PTX,-OA-POSSg.,, in water was
examined and found to be 0.65 mg/mL which was significantly higher
than PTX solubility in water (<0.004 mg/mL) [12].

4. Conclusion

A simple one-step reaction between OA-POSS NPs bearing amino
groups and PTX-COOH in the presence of a coupling agent was suc-
cessfully used to synthesize the PTX,-OA-POSSg, nanoconjugate as a
novel water-soluble prodrug. MOLDI-TOF analysis of the product
confirmed conjugation of two or three PTX molecules to OA-POSS NPs.
The PTX,-OA-POSSs., nanoconjugates had a spherical shape and a size
distribution in the range of 20-30 nm, as shown in TEM images. This
work provides a POSS nano-building framework for modification of
anticancer drugs to their water-solubility. Taken together, this work
reports a novel and efficient method for the synthesis of water-soluble
PTX,-OA-POSSg,, nanoconjugate prodrug for application in cancer
therapy. The evaluation of PTX,-OA-POSSg., as an anticancer prodrug
against human cancer cells is in progress.
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