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ARTICLEINFO ABSTRACT

Keywords: Becent advances forused on smart polymers have demonsirated the numerous advantage: regarding other
Thermoresponaive paly structures because they can adapt the behavier depending on physicochemical properties. In thiz way, funec-
F ionalized o FIMEr: ¥
- ik nowvel catalytic systems or biomedical devices could be developed. Thiz publication focuses on the facile prep-

aration of poly{N-izopropylacrylamide-co-dopamine methacrylamide) copolymers functionalized with triphe-
nyltin chloride by protonolysiz through the -OH of catechol groups. The presence of hydrophobic organotin{TV)
derivatives could modify the solubility, thermoresponsive behawior, and other properties regarding pure co-
polymers. Also, sensitive analyziz of the microstructure could help to understand the changes associated with the
lower critical solution temperature by rtheology, UV-vis spectroscopy, and calorimetry. In addition, a preliminary
biological study against MDA-MB-23]1 cancer cells and peripheral blood mononuclear cells showed that the
functionalized copolymers could be a potential platform to be explored in the future in the fght against cancer.

1. Introduction hydrophilic or hydrophobie unitz that can be uszed to adjust the lower

ertical solution temperature (LCST) to epecific necessities, adjusting the

The development of hybrid matenals 1= continually growing due to
the possibility of expanding the property portfolio of pure materials. In
this context, the area of smart materials can offer additional features, as
they can respond by themselves to external phyzicochemieal stimuli [1,
2]. These are sensitives to temperature, ions, pH, and can also provide
reversibility, keeping good mechanical stability [3-6]. In particular,
temperature-sensitive materiale open exciting posesibilities in biomedi-
cine becauss non-invasive therapies can be achieved.

The addibon of a second comonomer along polymeric chains of
thermoresponsive structures iz beneficial due to the introduction of

properties and developing new functionalities [7]. For instance, the use
of catechol moieties, namely 3, 4-dihydroxy phenyl- -alanine, leads to
luwulﬂﬂ'rsmdmnprwid:mbkim:mﬁmswithch‘ [&.9].
The fuzion of polymers and inorganic fragments such as metals or
metal-based compounds delivers new features and improves the
response of pure polymers, and can be used as supported catalytic sys-
tems, among others [10-16]. In thiz context, the incorporation of
organometallic complexes in polymenie structures could be sutable
through functionalization to get well-defined structures for advanced
catalytic systems or biomedical devices. Nevertheless, some
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shortcomings should be considered as organometallic compounds that
are very sensitive to water and oxygen [17 19].

There are relatively few works about combining the thermosensitive
polymers and organometallic complexes, and a significant part is
focused on poly(N-isopropyl acrylamide) (PNIPAM) homopolymers and
some derivatives [20,21]. The use of PNIPAM as a framework of new
functionalized structures can offer new applications for drug delivery
[22], catalytic systems [21], or nanotechnology [23]. These new sys-
tems can answer multiple demands from green chemistry, due to its
ability to reduce organic solvents and efficiency [21]. Furthermore, the
reversible thermoresponsiveness offered by these polymers could be a
suitable option for many applications, in terms of recycling and regen-
eration. Nevertheless, the preparation of these hybrid materials usually
carries out long and complicated procedures that involve numerous
steps during the synthesis procedure or post-polymerization reactions.
In addition, the use of additional reactants, solvents or conditions in-
creases the costs and time of operation. These difficulties reduce the
efficiency of the procedure in terms of a sustainable development. For
that reason, new ways and methods for developing these new structures
need to be addressed.

In this way, we propose the facile functionalization of the OH
groups of hydrophobic dopamine methacrylamide randomly inserted
along polymeric chains of N-isopropylacrylamide with organometallic
complexes. This easy post-polymerization procedure could generate a
new family of thermoresponsive materials with additional properties,
especially useful for biomedicine or catalytic systems.

This work focuses on preparing functionalized poly(N-iso-
propylacrylamide-co-dopamine methacrylamide) copolymers with tri-
phenyltin moieties, which come from the protonolyis reaction between
copolymer and triphenyltin chloride (Ph3SnCl). Also, some reactions
were carried out in the presence of triethylamine. The molecular fea-
tures of the resulting hybrid materials were deeply studied by FTIR-
spectroscopy, proton nuclear magnetic resonance, gel permeation
chromatography, and UV vis spectroscopy. The phase transition tem-
perature was checked by UV vis spectroscopy, differential scanning
calorimetry, and rheology; differences were tested according to DMA-
content, end-group effect, molar mass, and the presence of triphe-
nyltin moieties. Finally, the potential biological applications of this kind
of hybrid materials were studied through different tests. The biocom-
patibility in vitro against cells of the immune system was analyzed, and
the cytotoxic anticancer properties of the hybrid systems were tested
against a highly resistant cancer cell line such as MDA-MB-231.

2. Materials

Methacrylic anhydride (94%, Macklin, Shanghai, China), sodium
tetraborate decahydrate ( 99%, Macklin, Shanghai, China), sodium
hydrogen carbonate ( 99.8% Macklin, Shanghai, China), 3,4-dihydroxy
phenethylamine hydrochloride ( 98.5%, Aldrich, Saint Louis, USA),
MgSO4 (Aladdin, 99.9%, Shanghai, China), ethyl acetate (Hushi,
Shanghai, China), chlorotriphenylstannane (Ph3SnCl, 96%, Aldrich,
Tianjin, China), N,N-diethylethanamine (NEts, 99%, Macklin, Shanghai,
China), NaOH (96%, Aldrich, Shanghai, China), HCl (1 N, Macklin,
Shanghai, China), chloromethylbenzene (99%, Macklin, Shanghai,
China), methanedithione (98%, Aladdin, Shanghai, China), n-hexane
(97%, Aladdin, Shanghai, China), toluene ( 99.5%, Hushi, Shanghai,
China), dimethyl sulfoxide-dg (DMSO-dg, 99.9%, Macklin, Shanghai,
China), diethyl ether (99.5%, Lingfeng, Shanghai, China), tetrachloro-
methane (98%, Macklin, Shanghai, China), p-toluenesulfonic acid (99%,
Macklin, Shanghai, China), and styrene ( 99.5%, Macklin, Shanghai,
China), were purchased and used without pretreatment.

2,2 -Azobis(2-methylpropionitrile) (AIBN, 98%, Aldrich, Saint Louis,
USA) and N-isopropyl acrylamide (NIPAM, 98%, Xiya Reagent, Shan-
dong, China) were purified by recrystallization. N,N-dimethylforma-
mide (DMF, 99.9%, Macklin, Shanghai, China) and tetrahydrofuran
(THF, 99.9%, Aladdin, Shanghai, China) were treated before used as
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solvents. The purified water was obtained by a water purification system
(Elix essential 5, Merck Millipore, Molsheim, France). The RAFT-agent,
1-phenyl ethyl phenyl dithioacetate (PEPD), was prepared following the
procedure reported in the literature [24]. The obtained PEPD was pu-
rified by passing through a chromatography column.

2.1. Preparation of dopamine methacrylamide (DMA)

The comonomer dopamine methacrylamide (DMA) was synthetized
as it was previously reported [25]. Furthermore, the DMA was purified
by precipitation in hexane.

2.2. Synthesis of poly(N-isopropylacrylamide-co-dopamine
methacrylamide) copolymers

The poly(N-isopropylacrylamide-co-dopamine methacrylamide) co-
polymers were prepared under inert conditions. First, both N-iso-
propylacrylamide (NIPAM) and DMA were placed inside of Schlenk
tubes. At that point, the initiator (AIBN) and the RAFT agent (PEPD)
were added using different amounts, as Table 1 shows. Finally, an
amount of 10 mL of solvent (DMF) was added, keeping the inert atmo-
sphere of nitrogen. The polymerizations took place in a thermostatic
bath at 70 C for 48 h. The polymers were precipitated in diethyl ether,
purified, dried, and stored at room temperature, as was previously
carried out by this research lab [7].

The samples were denominated using a single C, followed by a
number, as can be deduced from Table 1. Furthermore, polymeric water
solutions were prepared to analyze the thermoresponsive behavior of
the obtained copolymers.

2.3. Functionalization of copolymers with triphenyltin chloride

The functionalization was carried out through protonolysis using
Ph3SnCl as an organometallic precursor and under inert conditions. The
dried copolymers were placed inside the Schlenk tubes, and subse-
quently, 15 mL of dried THF was added. Afterward, the organometallic
compound was incorporated into the polymeric solutions. Some re-
actions were also performed in the presence of NEts, as summarized in
Table 2. The functionalization reactions were carried out under vigorous
stirring for 24 h, keeping the inert atmosphere of nitrogen. Then, re-
actions performed in the presence of NEt3 were filtered, and the solvent
was evaporated for all cases.

The new structures were denominated like the normal copolymer,
followed by Sn, as a reference of the functionalized structure in the
presence of Ph3SnCl. Furthermore, the reactions performed using NEt3
were also distinguished from normal functionalized materials by NEts.

2.4. Molecular characterization

The molar mass and polydispersity were studied using size exclusion
chromatography (Beijing Wenfen LC98IIRI, Beijing, China), incorpo-
rating two polystyrene gel columns (Shodex, KD-803, and KD-806, De-
tector: RI-201H). The analysis was carried out using THF as a solvent (1
mL/min) at 40 C. The instrument was previously calibrated by narrow
molecular mass distribution of polystyrene standards.

The final structure was checked by Fourier transform infrared spec-
trometer (Nicolet 6700, Waltham, USA), using tablets where the samples
were embedded in potassium bromide. For that purpose, 32 scans were

Table 1

Monomers, initiator, and RAFT-agent amounts, used for polymerizations.
Name NIPAM(mol) DMA(mol) AIBN(mol) PEPD(mol)
cl 0.0177 0.00106 6.0910 © 59110 °
C2 0.0177 0.00106 9.1310 © 1.1810 *
c3 0.0177 0.00018 6.0910 © 5.6010 °
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Table 2

Reactant amounts involved in the functionalization process.
Name Ph3SnCl (mol) NEt3 (mol)
Cl Sn 1.1510 ¢
Cl Sn NEts 1.1510 ° 1.1510 °
C2 Sn 9.0810 7
C2 Sn NEt; 9.0810 7 9.0810 7
C3 Sn 7.3910 8
C3 Sn NEt; 7.3910 & 7.3910 7

performed per experiment with a resolution of 4 cm ®. This analysis was
also performed by proton nuclear resonance (AVANCE III 600 MHz
spectrometer, Bruker, Basel, Switzerland), which can also provide in-
formation about the final composition of the polymeric chains. The
samples were dissolved in DMSO-dg, and a temperature of 25 C was
selected for these experiments.

The incorporation of the organometallic fragment along the co-
polymers was analyzed using an X-ray fluorescence spectrometer (S4-
Explorer, Bruker, Basel, Switzerland), which could provide valuable
information about the amount of Sn in the samples.

2.5. Thermoresponsive behavior

The thermoresponsive behavior was studied for the new samples,
which were previously dissolved in water (2 wt%) and stored in a
refrigerator for 12 h. That time was considered enough for the homog-
enization of the samples. The phase transition temperature, associated
with the LCST, was studied by UV vis spectroscopy, differential scan-
ning calorimetry, and rheology.

The analysis performed in a UV vis spectroscopy (Lambda 365,
PerkinElmer, Seoul, Korea) was carried out using a heating rate of 1 C/
min at 400 nm. The range of temperatures of this study was selected
between 5 Cand 40 C.

The samples were sealed in aluminum pans for the analysis by dif-
ferential scanning calorimetry (Q200, TA Instruments, New Castle, PA,
USA), incorporating a cooling system.The experiments were carried out
under nitrogen atmosphere using a flow of 40 mL/min. The final weight
of the samples was around 5 mg, and the experiments were performed
between 0 and 50 C, using a heating rate of 5 C/min. The results were
normalized by another experiment performed for pure water under the
same conditions.

Finally, the LCST was also tested by rheology (Anton Paar MCR 302
rheometer, Graz, Austria), using a cone-plate geometry (25 mm/1 ). The
experiments were carried out in the linear viscoelastic regime (g 1 K
min ?, 1 rad/s, and ¢ 0.2%), preserving the humidity of the
samples in a saturated atmosphere.

All experiments were repeated at least three times, and in all cases,
consistent results were obtained.

2.6. Cytotoxicity studies

2.6.1. Monocyte and lymphocyte isolation from peripheral blood and cell
culture

Peripheral blood mononuclear cells (PBMCs) were isolated from the
blood of healthy donors by centrifugation on the Ficoll-Plus gradient (GE
Healthcare Bio-Sciences), as reported previously [26,27]. PMBCs were
cultured for at least 1 h at an initial density of 300 cells/mL in Roswell
Park Memorial Institute (RPMI) medium (Invitrogen) supplemented
with antibiotics (100 IU/mL penicillin and 100 lg/mL streptomycin).
After this period, the supernatant was removed, and the adherent cells
were cultured in the same medium supplemented with antibiotics (100
IU/mL penicillin and 100 1g/mL streptomycin) and 10%
heat-inactivated normal serum (FBS) and were maintained overnight.
The next day, different concentrations (20, 40, 50, 200, and 400 g/mL)
of polymeric materials dissolved in sterile DMSO/PBS were added and
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incubated for 24 h. After this period, adherent cells were washed in 1X
Phosphate Buffered Saline (PBS) and were removed to cytotoxicity
analysis.

The human breast epithelial cell line MDA-MB-231 (a triple-negative
receptor cell line) was grown in Dulbecco s-modified Eagle s medium
(DMEM, Gibco) supplemented with antibiotics (100 IU/mL penicillin
and 100 lg/mL streptomycin) and 10% heat-inactivated fetal bovine
serum (FBS, Gibco). Cells were propagated and cultured at 37 Cina 5%
CO, atmosphere. For treatment with polymeric materials, cells were
counted and plated an initial density of 300 cells/ml overnight. After
this period, cells were treated with the indicated concentrations of
polymeric materials dissolved in sterile DMSO and were incubated for
24 h. Then, adherent cells were washed in 1X Phosphate Buffered Saline
(PBS) and were removed to cytotoxicity analysis.

2.6.2. Flow cytometry assays and data analysis

For cytotoxicity assays, cells were labeled with phycoerythrin (PE)-
conjugated propidium iodide (PI) from Invitrogen. Unstained cells were
used as negative controls. The cells were incubated for 1 min at 4 Cin
the dark. The data were acquired by flow cytometry using a BD FACS-
Calibur flow cytometer (BD Biosciences) and analyzed with FlowJo
vX.0.7 (FlowJo, LLC) software and Prism 8.0 (GraphPad) software.

3. Results and discussion

The molecular characterization of the obtained copolymers was
carried out before starting the functionalization. The molecular features
will define the final properties of the new structures, especially the
thermoresponsive behavior. The presence of organometallic moieties
could affect these properties and could induce changes in the structure;
consequently, a thorough evaluation of these characteristics will allow
understanding the contributions of triphenyltin moieties.

First, the molar mass was analyzed for all copolymers by gel
permeation chromatography. The GPC-curves, showed in Fig. 1a,
exhibit a narrow molecular mass distribution whose polydispersity
values (PDI) are pretty similar, around 1.3, with molar massess in the
range of 9000 6000 g/mol such as shown in Fig. 1a. The polydispersity
data achieved values close to unity, considering that reactions were
performed using RAFT polymerization.

The structure was analyzed by Fourier-transform infrared spectros-
copy, where differences in the structure cannot be observed, and
exclusively changes must be attached to the comonomer composition, as
Fig. 1b shows. In this context, other kinds of changes are not expected
because the synthetic procedure, conditions, and reactants used during
the preparation were the same, except for the monomer feed, which was
varied systematically in the study. Understandably, the ratio defined
between RAFT agent and initiator was adapted for that purpose.

Further information can be obtained through proton nuclear mag-
netic resonance, where the structure and composition of the polymeric
chains can be analyzed. The 'H NMR spectra were collected using
deuterated DMSO-de, whose signal is identified at 2.5 ppm, as shown in
Fig. 1c. The copolymers are statistical, as concluded from the protons
positions, as previously published by our group [1,7]. The composition
of the comonomers, NIPAM, and DMA can also be determined by the H
NMR spectrum, using the specific protons exhibited in Fig. 1d. In this
case, the methine proton of NIPAM (Areaypam) placed at 3.8 ppm and
the benzene ring protons of DMA (Areapya) located around 6.7 ppm,
were integrated and compared to achieve the composition using the
following equation:

where [DMA] is the comonomer content (mol %), Areanipam is the in-
tegral of CH in NIPAM, and Areapya the integral of the benzene ring
protons of DMA. All the contents are displayed in Table 3, where similar
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Flg. 1. The molar mass distributions (a), FTIR-spectra (b), and proton nuclear magnetic rezonance (¢, d) of random copolymers.

Table 3
Yield, comonomer content, molar mazz, and polydispersity of random
copolymers.

Name Yield ¥  DMA-content mol % Molar mass g/mol  Polydispersity
c1 40 3.7 Q000 1.33
cx 75 6.1 13500 1.25
c3 &0 0.5 13600 1.25

values are obtained for C1 and C2 compared to C3.

The protonolysiz was carried out for all these copolymers following a
similar procedure deseribed previcusly by our group [28]. Scheme |
chows the synthetic pathway, where condiions were kept constant
except for the presence of NEts.

The loading of the copolymers with triphenyltin chloride, PhySnCL
allows the formation of a sigma bond and the corresponding tin alkoxide
compound (Scheme 1) incorporating the SnPhy moiety onto the poly-
mer. The reaction was studied using a minimum amount of metal pre-
curser for different reasons. Firet, this 15 a preliminary work where the
presence of high content of triphenyltin moiety inside the polymerie
chains could disrupt the structure. Second, this fact could alter the water
solubility of the polymer, amnd subsequently, itz thermoresponsive
behavior. In addition, the incorporation of two PhaSnCl units in a single
DMA-unit through both —OH groups can be restricted by the steric
hindrance. Thus, the feeding of PhaSnCl was mummized (1.5%] to
observe the influence of these organometallic moieties in the properties
of the polymer while trying to preserve its solubility in water, and the

The analyeiz of the loading of PhsSnCl was carried out through
diverse methods such az X-ray fuorescence (XRF), which provides
essential information about the content of Sn-linked to the polymenc
structure. XRF iz a quantitative analyeis, but data obtained were close to
the detection limits of this technique (defined around 0.02%). The ma-
terials showed values between 0.03 and 0.07% of Sn (Takble 4), which
confirm the presence of Sn inside the polymene structure. Even though
the quantities are very low, the results suggest that the protonolyeis
reactions work better in the presence of NEts, confirming the slight
acidity of the protons of the catechol fragment.
nuclear magnetic resonance, FTIR-epectroscopy, UV—viz spectroscopy,
and X-ray powder diffraction for all new structures. Az an example of
these results, Fiz. 2 exclusively shows the resulte associated with C2 due
to other functionalized copolymers exhibit similar results, and essential
differences between samples were not observed like our group previ-
ously reported [2£]. Fiz. 2a displaye the 'H NMR spectra of G2, PhySnCl,
and functionalized copolymers. After the post-modification of the
polymeric structure, some changes can be detected and assigned to their
organometallic compounds. Specifically, the peak placed at 4.2 ppm
could be associated with one of the free acidic protons of the catechol
lLigand. Thiz signal did not appear n the non-funchonalized polymer. It
appeared after functonalization because the chemical environment of
the catechol fragment has changed after functionalization, presumably
impeding a rapid exchange of the protons as an SnPhy fragment sub-
stitutes one of the hydroxyl groupe. In addition, the incorporation of the
organometallic moiety iz alzo observed with the appearance of very
low-intensity peaks at ca. 7.4 and 7.8 ppm. These are associated with the
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Scheme 1. Punctionalization reaction between poly(N-izopropylacrylamide-co-dopamine methacrylamide) copolymer and the organometallic compound.

Table 4
Content of Sn of the final product measured by XRF.
Material Bn {wi %) fnal®
Cl-5n 0.039
Cl-Sn-NEt, 0.071
CI-Sn 0.056
G2 Sn-NEts 0.063
C3-S5n 0.054
C3-Sn-NEts 0064
* Experimental So-content determined by X-ray
fluorezcence.

protons of the phenyl groups attached to tin [29]. The data obtained by
FTIR-cpectroscopy were displayed in Fig. 2b, and significant structural
differences were not obeerved, confirming that the introduction of very
low amounts of the organotin(IV) moiety does not significantly alter the
final structure. The data obtamned by X-ray powder diffraction (Fig. 2d)
support the low funchonalization rate showing very similar diffracto-
grams for all the new structures .

The evidenee of the functionalization was achieved by analyzing the
material water solubeons (0.1 wi%) at rcom temperature by UV-
spectroscopy. The pure copolymer excluzively exhibite the band of the
C—0 as Fig. 2c displaye for C2. Nevertheless, the functionalized co-
polymers defined another transition around 230 nm (appearing az a low-
intensity shoulder) associated with the triphenyltin molety az previously
was reported for other struetures [30,31]. The data obtained by X-ray
powder diffraction (Fiz. 2d) support the low fmetionalization rate
showing very similar diffractograms for all the new structures.

The thermoresponsive behavior was analyzed for all functionalized
copolymers (in the presence and absence of MEty in the synthebic
method) and compared to the pure copolymers. The resulte obtained by
U¥-gpectroscopy were collected and displayed in Fiz. 3a, where the
phase transition temperature 1z sensibly lower than the PNIPAM ho-
mopolymer, which iz defined around 32 “C [22-34]. This behavior is
expected due to the presence of DMA content, whose LCST-trend 1=
clearly defined by the content of DMA-unitz. Higher hydrophobic
DMA-content will promote lower phase transifion temperatures [1,7].
After the tin loading, the LCST decreased around 3 *C. The functional-
ized copolymers, prepared under the presence of trimethylamine,
exhibited a lower LCST than other funchonalized structures due to a
slightly higher concentration of the hydrophobic organometallic frag-
ments. Furthermore, the incorporation of the organotin(IV) compound
duction of the organometallic moieties along the polyvmer chains. These
local mhomogeneities are due to the low concentration of the

organometallic fragments, which exert a local influence on the hydro-
philicity, leading to mhomogenous hydrophilicity along the polymer
chain_

Conventional calorimetry was alzo a valuable tool for detecting the
phase trancibon temperature of these thermoresponsive materials
(Fig. 3b). The data eeem to follow the previous trend defined by UVv—vis
spectroscopy (Fiz. 3a). However, some differences can be observed in
pure copolymers. The phase transition temperature of C2 iz slightly
higher than C1, and this effect cannot be associated with the comonomer
content. Mevertheless, differences in the molar mass could be strong
enough to promote the end group effect over comonomer content, and
LCST eould decrease. The hydrophobic interactions of the RAFT agent
could rise due to low molar mass, 1.e., end groups will increase if the
length of the polymeric chains decreases for the same polymer con-
centration in water [7,35].

The mntensity and width of the signal obtained by calorimetry could
play another important role, where hydrophobie interactions could lead
to broader transitions, and the intensity of the peaks could be minimized
7,35]. Then, C3 chows a strong signal, az could be expected from its
lowest content of comonomer and relatively high molar mass. This effect
can also be observed when the metal compound 15 incorporated along
with the polymene structure, az C3-5n promotes broader transitions at
slightly lower LCSTs. Nevertheless, the LCST does not decrease very
much as comonomer content iz very low.

The rheology can provide waluable information about the final
microstructure of the mateniale. Fiz. 4 shows the complex shear modulus
regarding the temperature. The resulte exhibit similar phase transition
temperatures for all the pure copolymers observed by UV-viz epectros-
copy and calorimetry, but C] dizplays two transitions. Similar behavior
was previously reported by our ressarch lab, indicating that sections of
polymeric chaing defined by pure NIPAM could show an independent
LCST of other polymeric sections composed by NIPAM and DMA co-units
whose LCST would be lower [1]. The situation 1= somewhat different
when C2 1z analyzed, and a single transition can be observed. If €1 and
C2 are compared, the differences need to be related to their molar
masses because comonomer contents are equivalents for both cazes. The
C2 sample exhibite a single transition that should be associated with the
random sequences of NIPAM and DMA, 1e., there are no significant
amounte of long pure NIPAM-sequences or even PNIPAM homopolymers
mn the sample. This was concluded from ealeulations of the number of
comonomers In the chain. Although the differences in comonomer
content of C1 and C2 are not very large, the differences in the molar
mass account of a massive difference in the fraction of chaine without
and with only cne DMA-moicty (C1: 4% (0 DMA per chain) and 13% (1
DMA per chain) ve. C2: 0.4% (0 DMA per chain) and 2% (1 DMA per



A Garcin-Pefias et al Polymer Testing 94 (2021) 107046

a b
omSo,
. ol SnPh.CI
- S
= C2-Sn-NEt,
o C2-Sn-NEL, 8
ey fu
@ = G2-5n
o E
£ 2
£ i
=
c2
9 8 7 6 5 4 3 2 1 0 4000 3500 3000 2500 2000 1500 1000 500
Shift [ppm] Wavelength [cm™]
4
c ] d

'ﬁa'
o S
& @, C2-8n
8 = cz
o 27 )
o = C2-Sn-NEL,
S £
[72] =
2 IS
<

14

(:Z-SI“I-NET_1
200 250 300 350 400 10 20 30 40 50 60 70 80
Wavelength [nm)] 20 |degrees]

Flg. 2. Microstructure details of the functionalized copolymers obtained by proton nuclear magnetic rezonance (a), FTIR-spectra (b), and UV-viz spectoscopy (cl,
and XRD (d).

a b
1004 2 wl% in watar 2wi% in water
- v ct
50 —&—C18n HTSYC
—db— C1-8n-NEL e C1-5n
- P
E- o O C1-5n-MEL
# 1004 e
8 —— G2 E 2208 %0 c2
e ——C2-5n =
E A4 ——C2-8n-NEL| & 24,90 % C2-5n
r— u_ —— _—
kN
5 E 21.10%: £2-5n-MEL,
& 3 T
= 10 r= —\.\‘f..-i
—|—C3 i c3
—8—C3-5n 3168 g
acsne| | N cese]
504 3 &
N2
I C3-5n-NEL,
a
04 3098 9
T T T T T T T T T v T

Temperature {°C) Temperature ("C)

Fig. 3. Phaze transition temperatures analyzed by UV-viz spectroscopy (a), conwventional calorimetry (b).



A. Garcio-Pefay et al

2 wilh in water

—0-C1
——C1-8n
—0—C1-Sn-HEL

—-cz
—O—C2-5n
—d.—c:: Sn-NEL

Complex Shear Modulus |G*| [Pa]

Temperatura ("C)

Filg. 4. Phase tranzition temperatures analyzed by rheology (c) for pure co-
polymers and functionalized copolymers.

chain) for M = M;). Consequently, a emall fraction
PHNIPAM-homopolymer in €1 causes the addibonal upturn with a
maximum arcund 35 “C (typical of pure PNIPAM), as it delays the chain

On the other hand, the organometallic moieties decrease the LCST,
eepecially when the reactions were performed in the presence of NEts,
probably due to a igher amount of crganctin (IV) denvative loaded. C3,
C3-5n, and C3—5n-NEt; chow similar behavior due to the lowest amount
of DMA-content, which does not allow for incorporating a hagher
amount of organometallic compound. The samples related to C2 show
the highest difference between a pure copolymer and a functionalized

FIRST LCST
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syetem, due to the catechol groupe considerably inerease. The first LCST
of C] (Scheme 2) does not show differences between functionalized and
non-functionalized copolymers because the hydrophobic interactons
are directly associated with the hydrophobic DMA-umts, which directly
interact with the main backbone. Nevertheless, the intreduction of the
metal compound inereases the hydrophobic forees between polymenic
sections, which are free of DMA, and consequently, the second LCST
decreases regarding the pure copolymer. The mmtroduction of these
complexes, through the -OH groups, rise the length of the catechol
groups, increasing the possibilities to contact with other surrounding
polymeric chaing. Mainly, the interactions will take place with sections
free of DMA, 1.2, these could act as protection of the sections composed
by NIPAM and NEAM monomers.

Fiz. 5 collects all the phase transition temperatures estimated by Uv-
spectroscopy, calorimetry, and rheclogy. The approximations were
carried out az deseribed in previous reporte of this research lab [35]. In
general, the incorporation of an organometallic moiety tends to decrease
the phase transition temperature of pure copolymers as can be deduced
for all these materiale and all the techniques explored. The influence of
the comonomer content suddenly modifies the phase transition tem-
peratures, showing a higher influence than the molar mass or the
RAFT-agent, which are minimized [7,35]. The presence of the organo-
metallic complex shows a small decrease iIn temperature, associated
with ite low content. The use of NEt; leads to load more organometallic
complexes in the eatechol groupe, and consequently, the LCST decreazes
a little bit more.

An exception of the LCST-tendency can be observed for the lowest
LCST of Cl-samples observed through rheological measurements. This
trend 1= opposite to the othere, 12, the LCST seems to rneze with the
presence of the organometallic compound. Newvertheless, thiz effect
could be aszociated with the previous explanation, where the DMA-units
and organometallic fragments could act as protecton of the main
backbone regarding surrounding polymeric chains. On the other hand,
thiz finding could be associated with and artifact due to phase separa-
interact with the stainless steel (Ni?*, Fe™ | Cr**, have been establizhed
to interact with DMA [36]) of the rheometer plates by adsorbing onto
the plate surface or building complexes with ions releaszed by the
rheometer plates.

SECOND LCST

Segments free of DMA (and orgamomctallic complenes)

Hydrophabic mteractions

Scheme 2. Hypothetical schematic of hydrophobic interactions observed in functionalized C1, which shows two-phase transition temperatures.
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Flg. 5. Phase transition temperatures of the pure and functionalized copolymers estimated by UV-viz spectroscopy (a), calorimetry (b), and rheology (cl.

After carrving out the complete charactenization of the functional-
ized copolymers, a preliminary study of the potential biclogical appli-
cation of these systems was performed in order to determine if, with an
optimal functionalization of the polymers with a eytotoxic organome-
tallic compound, they might become sutable for their future use n
anticancer treatments. All the synthesized copolymers were tested in
vitro against a cancer cell line of triple-negative breast cancer (MDA-MB-
23], Fig. 6) and against immune eells (FBMC, Fig. 7) using concentra-
tions between 20 and 400 pg/ml, which have demonstrated to be
cytotoxic in previous studies of our group [37-20].

The preliminary results show that, generally, the non-funchionalized
copolymers are not active against any of the studied cells (cancerous and
non-cancercus), which indicate a high degree of compatibility of these

syetems. However, when one analyzes the Sn-containing systems, it can
easily be obeerved that the copolymers obtained by using NEt; az a base
in the sgymthetic pathway (C1-8n-NEt;, C2-5n-NEt; and C3-8n-NEtg)
are alwaye slightly more active than their corresponding analoge (syn-
thesized without using NEt;, namely C1-Sn, C2-8n, and C3-8n). It 1=
important to note that, on a direct comparizon of all the materials at low
doses (between 20 and 200 pg/mL), the cytotoxicity against MDA-MB-
23] is uzunally higher than that against PBMC (except in C2-Sn-NEt3).
Thiz behavior indicates that, at low doses, these systems, modulated
with a higher funchionalization with the organctin(IV) eytotoxic com-
pound, may become suitable for further anticancer studies, as they
present a slight selectivity against cancer cell lines, compared with
PBMC. However, the cytotoxicity of some of the systems (C1-5n, C2-8n,

MDA-MB-231 (Cancer cell line)
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Flg. 6. Cytotoxicity aszays for MDA-MB-231 in which cells treated with different amounts of copolymers were labeled with phycoerythrin (PE}-conjugated propi-
dium iodide (PT). Unstained cellz were uzed as negative controlz, and the cells rezulting from applying a solution of PBS and 10% DMSE0 as positive controls. The cells
were incubated for 1 min at 4°C in the dark, and the data were acquired by flow cytometry and analyzed with FlowJo vX.0.7 (FlowJo, LLC) software and Prism 5.0

(GraphPad) software. The higher the bar, the lower the cell survival
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Cl-5n-NEt; and C2-5n-MNEt;) at the highest tested concentration of

00 pg/ml iz higher againet PEMC than against MDA-MB-231, indi-
cabing a lower degree of applicability at these doses because of a low
selectivity towardes cancer eells.

Interestingly, the most attractive biological behavior haz been found
for C3-5n and C3-5n-MNEt;, which chow a good degree of cytotondeity
against cancer cell ines MDA-MB-231 but do not affect the FEBMC. These
preliminary results validate further biclogical studies of these systems
against eome other cancer eell lines incorporating higher amounts of the
cytotoxic compound. In addition, some studies should alzo be carried
out using different temperatures to obeserve if the effect of the polymers
and potential elimination to the medium of the tin compound may result
in a thermo-responsive drug-delivery system for metallodrugs with po-
tential applicability in chemotherapy.

4. Concluzions

The functionalized poly{N-isopropylacrylamide-co-dopamime meth-
acrylamide) copolymers with the triphenyltin molety were successfully
ubhin:dhyptﬂbuunlyxismﬁmsasﬂmmhmpy,anleNMR
spectroscopy confirmed. In addibion, the LCST-sensitivity of the calo-
rnmetry and UV-—wiz spectroscopy could allow the detection of the
organometallic moletics because its incorporation leads to broader and
more intense phase transitions.

The sensitivity of rtheology can distingmsh between the composition
of polvmeric sections and showing various LCST. Mevertheless, the
molar mass and end-group effect will play an important role in the

a H
e - s -1&"'9‘ 053:. ugirril
o

Flg. 7. Cytotoxicity assays for PBMC in which cellz treated with different amounts of copolymers were labeled with phycoerythrin (PE)-conjugated propidium iodide
(PI). Unstained cells were uzed as negative controls and the cellz resulting of applying a solution of PBS and 10% DME0 as positive controls. The cells were incubated
for 1 min at 4 °C in the dark and the data were acquired by flow cytometry and analyzed with FlowJo v30.7 (FlowlJo, LLC) software and Prizm 8.0 (GraphPad)
zoftware. The higher the bar, the lower the cell survival

| C3-Sn-NEt,

WPl +

el @ e g g um
o

hydrophobic interactions ower LCST. If the polymer molar mass 1z high
enough and the comonomer content 1= sufficiently high, too, the for-
mation of comonomer-free NIPAM-sequences 1= effectively suppressed,
which leads to a single LCST. For lower molar massezs, a small but non-
neglizmible homopolymer fraction leads to a double LCST (lowest and
highest LCST).

In addition, the surrounding hydrophobic interactions of polymenc
chains over polymeric sequences enriched in comonomer content could
be restricted if comonomer content iz high enough, and consequently,
the lowest LCST could remain constant. This effect could be improved if
the organometallic complex 1= Incorporated, avoiding hydrophobic
interaction over those segments but promoting hydrophobic interaction
on sequences of pure NIPAM, and consequently, the highest LCST could
decrease.

Fmally, a preliminary biclogical study of the funchonalized co-
polymers against MDA-MB-231 eancer cells and PEBMC showed that the
functionalized copolvmers €3-5n and C3-Sn-NEt3 presented a zood
degree of cytotoxicity against MDA-MB-23] eells, while not affecting the
PBMC at low doses. These results will be validated in a more detanled
a thermo-responsive drug-delivery system for organctin compounds
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