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1. I nt r o d u cti o n 

T h e d e v el o p m e nt of h y bri d m at eri al s i s c o nti n u all y gr o wi n g d u e t o 

t h e p o s si bilit y of e x p a n di n g t h e pr o p ert y p ortf oli o of p ur e m at eri al s. I n 

t hi s c o nt e xt, t h e ar e a of s m art m at eri al s c a n off er a d diti o n al f e at ur e s, a s 

t h e y c a n r e s p o n d b y t h e m s el v e s t o e xt er n al p h y si c o c h e mi c al sti m uli [ 1 , 

2 ]. T h e s e ar e s e n siti v e s t o t e m p er at ur e, i o n s, p H, a n d c a n al s o pr o vi d e 

r e v er si bilit y,  k e e pi n g  g o o d  m e c h a ni c al  st a bilit y  [ 3 – 6 ].  I n  p arti c ul ar, 

t e m p er at ur e- s e n siti v e m at eri al s o p e n e x citi n g p o s si biliti e s i n bi o m e di -

ci n e b e c a u s e n o n-i n v a si v e t h er a pi e s c a n b e a c hi e v e d. 

T h e  a d diti o n  of  a  s e c o n d  c o m o n o m er  al o n g  p ol y m eri c  c h ai n s  of 

t h er m or e s p o n si v e  str u ct ur e s  i s  b e n e fi ci al  d u e  t o  t h e  i ntr o d u cti o n  of 

h y dr o p hili c or h y dr o p h o bi c u nit s t h at c a n b e u s e d t o a dj u st t h e l o w er 

criti c al s ol uti o n t e m p er at ur e ( L C S T) t o s p e ci fi c n e c e s siti e s, a dj u sti n g t h e 
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l o w er L C S T s a n d c a n pr o vi d e r e v er si bl e i nt er a cti o n s wit h F e3 + [ 8 ,9 ]. 
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m et al- b a s e d  c o m p o u n d s  d eli v er s  n e w  f e at ur e s  a n d  i m pr o v e s  t h e 

r e s p o n s e of p ur e p ol y m er s, a n d c a n b e u s e d a s s u p p ort e d c at al yti c s y s -

t e m s,  a m o n g  ot h er s  [1 0 – 1 6 ].  I n  t hi s  c o nt e xt,  t h e  i n c or p or ati o n  of 

or g a n o m et alli c  c o m pl e x e s  i n  p ol y m eri c  str u ct ur e s  c o ul d  b e  s uit a bl e 

t hr o u g h  f u n cti o n ali z ati o n  t o  g et  w ell- d e fi n e d  str u ct ur e s  f or  a d v a n c e d 

c at al yti c  s y st e m s  or  bi o m e di c al  d e vi c e s.  N e v ert h el e s s,  s o m e 
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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 (NEt3, 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-d6 (DMSO‑d6, 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 

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 NEt3, 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 NEt3. 

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) 

C1 0.0177 0.00106 6.09 10 6 5.91 10 5 

C2 0.0177 0.00106 9.13 10 6 1.18 10 4 

C3 0.0177 0.00018 6.09 10 6 5.60 10 5  
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performed per experiment with a resolution of 4 cm 1. 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‑d6, 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 C and 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 (q 1 K 
min 1, 1 rad/s, and 0 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 lg/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 

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 C in a 5% 
CO2 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 C in 
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 1H NMR spectra were collected using 
deuterated DMSO‑d6, 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 1H 
NMR spectrum, using the specific protons exhibited in Fig. 1d. In this 
case, the methine proton of NIPAM (AreaNIPAM) placed at 3.8 ppm and 
the benzene ring protons of DMA (AreaDMA) 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 AreaDMA the integral of the benzene ring 
protons of DMA. All the contents are displayed in Table 3, where similar 

Table 2 
Reactant amounts involved in the functionalization process.  

Name Ph3SnCl (mol) NEt3 (mol) 

C1 Sn 1.15 10 6 

C1 Sn NEt3 1.15 10 6 1.15 10 6 

C2 Sn 9.08 10 7 

C2 Sn NEt3 9.08 10 7 9.08 10 7 

C3 Sn 7.39 10 8 

C3 Sn NEt3 7.39 10 8 7.39 10 7  

A. García-Penas et al.                                                                                                                                                                                                                          



P ol y m er T esti n g 9 4 ( 2 0 2 1 ) 1 0 7 0 4 6

4

v al u e s ar e o bt ai n e d f or C 1 a n d C 2 c o m p ar e d t o C 3. 

T h e pr ot o n ol y si s w a s c arri e d o ut f or all t h e s e c o p ol y m er s f oll o wi n g a 

si mil ar  pr o c e d ur e  d e s cri b e d  pr e vi o u sl y  b y  o ur  gr o u p  [ 2 8 ]. S c h e m e  1 

s h o w s  t h e  s y nt h eti c  p at h w a y,  w h er e  c o n diti o n s  w er e  k e pt  c o n st a nt 

e x c e pt f or t h e pr e s e n c e of N Et 3 . 

T h e l o a di n g of t h e c o p ol y m er s wit h tri p h e n ylti n c hl ori d e, P h 3 S n Cl, 

all o w s t h e f or m ati o n of a si g m a b o n d a n d t h e c orr e s p o n di n g ti n al k o xi d e 

c o m p o u n d ( S c h e m e 1 ) i n c or p or ati n g t h e S n P h 3 m oi et y o nt o t h e p ol y -

m er. T h e r e a cti o n w a s st u di e d u si n g a mi ni m u m a m o u nt of m et al pr e -

c ur s or f or diff er e nt r e a s o n s. Fir st, t hi s i s a pr eli mi n ar y w or k w h er e t h e 

pr e s e n c e  of  hi g h  c o nt e nt  of  tri p h e n ylti n  m oi et y  i n si d e  t h e  p ol y m eri c 

c h ai n s c o ul d di sr u pt t h e str u ct ur e. S e c o n d, t hi s f a ct c o ul d alt er t h e w at er 

s ol u bilit y  of  t h e  p ol y m er,  a n d  s u b s e q u e ntl y,  it s  t h er m or e s p o n si v e 

b e h a vi or. I n a d diti o n, t h e i n c or p or ati o n of t w o P h 3 S n Cl u nit s i n a si n gl e 

D M A- u nit  t hr o u g h  b ot h – O H  gr o u p s  c a n  b e  r e stri ct e d  b y  t h e  st eri c 

hi n dr a n c e.  T h u s,  t h e  f e e di n g  of  P h 3 S n Cl  w a s  mi ni mi z e d  ( 1. 5 %)  t o 

o b s er v e t h e i n fi u e n c e of t h e s e or g a n o m et alli c m oi eti e s i n t h e pr o p erti e s 

of t h e p ol y m er w hil e tr yi n g t o pr e s er v e it s s ol u bilit y i n w at er, a n d t h e 

t h er m or e s p o n si v e b e h a vi or. 

T h e  a n al y si s  of  t h e  l o a di n g  of  P h 3 S n Cl  w a s  c arri e d  o ut  t hr o u g h 

di v er s e  m et h o d s  s u c h  a s  X-r a y  fi u or e s c e n c e  ( X R F),  w hi c h  pr o vi d e s 

e s s e nti al i nf or m ati o n a b o ut t h e c o nt e nt of S n-li n k e d t o t h e p ol y m eri c 

str u ct ur e. X R F i s a q u a ntit ati v e a n al y si s, b ut d at a o bt ai n e d w er e cl o s e t o 

t h e d et e cti o n li mit s of t hi s t e c h ni q u e ( d e fi n e d ar o u n d 0. 0 2 %). T h e m a -

t eri al s s h o w e d v al u e s b et w e e n 0. 0 3 a n d 0. 0 7 % of S n (T a bl e 4 ), w hi c h 

c o n fir m t h e pr e s e n c e of S n i n si d e t h e p ol y m eri c str u ct ur e. E v e n t h o u g h 

t h e  q u a ntiti e s  ar e  v er y  l o w,  t h e  r e s ult s  s u g g e st  t h at  t h e  pr ot o n ol y si s 

r e a cti o n s  w or k  b ett er  i n  t h e  pr e s e n c e  of  N Et 3 ,  c o n fi r mi n g  t h e  sli g ht 

a ci dit y of t h e pr ot o n s of t h e c at e c h ol fr a g m e nt. 

T h e s u c c e s s of t h e f u n cti o n ali z ati o n w a s al s o i n v e sti g at e d b y pr ot o n 

n u cl e ar  m a g n eti c  r e s o n a n c e,  F TI R- s p e ctr o s c o p y,  U V – vi s  s p e ctr o s c o p y, 

a n d X-r a y p o w d er diffr a cti o n f or all n e w str u ct ur e s. A s a n e x a m pl e of 

t h e s e r e s ult s, Fi g. 2 e x cl u si v el y s h o w s t h e r e s ult s a s s o ci at e d wit h C 2 d u e 

t o ot h er f u n cti o n ali z e d c o p ol y m er s e x hi bit si mil ar r e s ult s, a n d e s s e nti al 

diff er e n c e s  b et w e e n  s a m pl e s  w er e  n ot  o b s er v e d  li k e  o ur  gr o u p  pr e vi -

o u sl y r e p ort e d [ 2 8 ]. Fi g. 2 a di s pl a y s t h e 1 H N M R s p e ct r a of C 2, P h 3 S n Cl, 

a n d  f u n cti o n ali z e d  c o p ol y m er s.  Aft er  t h e  p o st- m o di fi c ati o n  of  t h e 

p ol y m eri c str u ct ur e, s o m e c h a n g e s c a n b e d et e ct e d a n d a s si g n e d t o t h eir 

or g a n o m et alli c  c o m p o u n d s.  S p e ci fi c all y,  t h e  p e a k  pl a c e d  at  4. 2  p p m 

c o ul d b e a s s o ci at e d wit h o n e of t h e fr e e a ci di c pr ot o n s of t h e c at e c h ol 

li g a n d. T hi s si g n al di d n ot a p p e ar i n t h e n o n-f u n cti o n ali z e d p ol y m er. It 

a p p e ar e d aft er f u n cti o n ali z ati o n b e c a u s e t h e c h e mi c al e n vir o n m e nt of 

t h e c at e c h ol fr a g m e nt h a s c h a n g e d aft er f u n cti o n ali z ati o n, pr e s u m a bl y 

i m p e di n g a r a pi d e x c h a n g e of t h e pr ot o n s a s a n S n P h3 f r a g m e nt s u b-

stit ut e s o n e of t h e h y dr o x yl gr o u p s. I n a d diti o n, t h e i n c or p or ati o n of t h e 

or g a n o m et alli c  m oi et y  i s  al s o  o b s er v e d  wit h  t h e  a p p e ar a n c e  of  v er y 

l o w-i nt e n sit y p e a k s at c a. 7. 4 a n d 7. 8 p p m. T h e s e ar e a s s o ci at e d wit h t h e 

Fi g. 1. T h e m ol ar m a s s di stri b uti o n s ( a), F TI R- s p e ctr a ( b), a n d pr ot o n n u cl e ar m a g n eti c r e s o n a n c e ( c, d) of r a n d o m c o p ol y m er s.  

T a bl e 3 

Yi el d,  c o m o n o m er  c o nt e nt,  m ol ar  m a s s,  a n d  p ol y di s p er sit y  of  r a n d o m 

c o p ol y m er s.  

N a m e  Yi el d %  D M A- c o nt e nt m ol %  M ol ar m a s s g / m ol  P ol y di s p er sit y 

C 1  4 0  5. 7 9 0 0 0 1. 3 8 

C 2  7 5  6. 1 1 3 5 0 0 1. 2 6 

C 3  6 0  0. 5 1 3 6 0 0 1. 2 6  
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pr ot o n s of t h e p h e n yl gr o u p s att a c h e d t o ti n [ 2 9 ]. T h e d at a o bt ai n e d b y 

F TI R- s p e ctr o s c o p y w er e di s pl a y e d i n Fi g. 2 b, a n d si g ni fi c a nt str u ct ur al 

diff er e n c e s w er e n ot o b s er v e d, c o n fir mi n g t h at t h e i ntr o d u cti o n of v er y 

l o w a m o u nt s of t h e or g a n oti n(I V) m oi et y d o e s n ot si g ni fi c a ntl y alt er t h e 

fi n al str u ct ur e. T h e d at a o bt ai n e d b y X-r a y p o w d er diffr a cti o n ( Fi g. 2 d) 

s u p p ort t h e l o w f u n cti o n ali z ati o n r at e s h o wi n g v er y si mil ar diffr a ct o -

gr a m s f or all t h e n e w str u ct ur e s . 

T h e e vi d e n c e of t h e f u n cti o n ali z ati o n w a s a c hi e v e d b y a n al y zi n g t h e 

m at eri al  w at er  s ol uti o n s  ( 0. 1  wt %)  at  r o o m  t e m p er at ur e  b y  U V- 

s p e ctr o s c o p y. T h e p ur e c o p ol y m er e x cl u si v el y e x hi bit s t h e b a n d of t h e 

C –– O  a s Fi g.  2 c  di s pl a y s  f or  C 2.  N e v ert h el e s s,  t h e  f u n cti o n ali z e d  c o -

p ol y m er s d e fi n e d a n ot h er tr a n siti o n ar o u n d 2 3 0 n m ( a p p e ari n g a s a l o w- 

i nt e n sit y s h o ul d er) a s s o ci at e d wit h t h e tri p h e n ylti n m oi et y a s pr e vi o u sl y 

w a s r e p ort e d f or ot h er str u ct ur e s [ 3 0 ,3 1 ]. T h e d at a o bt ai n e d b y X-r a y 

p o w d er  diffr a cti o n  ( Fi g.  2 d)  s u p p ort  t h e  l o w  f u n cti o n ali z ati o n  r at e 

s h o wi n g v er y si mil ar diffr a ct o gr a m s f or all t h e n e w str u ct ur e s. 

T h e t h er m or e s p o n si v e b e h a vi or w a s a n al y z e d f or all f u n cti o n ali z e d 

c o p ol y m er s  (i n  t h e  pr e s e n c e  a n d  a b s e n c e  of  N Et 3 i n  t h e  s y nt h eti c 

m et h o d) a n d c o m p ar e d t o t h e p ur e c o p ol y m er s. T h e r e s ult s o bt ai n e d b y 

U V- s p e ctr o s c o p y  w er e  c oll e ct e d  a n d  di s pl a y e d  i n Fi g.  3 a,  w h er e  t h e 

p h a s e  tr a n siti o n  t e m p er at ur e  i s  s e n si bl y  l o w er  t h a n  t h e  P NI P A M  h o -

m o p ol y m er, w hi c h i s d e fi n e d ar o u n d 3 2 ◦ C [ 3 2 – 3 4 ]. T hi s b e h a vi or i s 

e x p e ct e d  d u e  t o  t h e  pr e s e n c e  of  D M A  c o nt e nt,  w h o s e  L C S T-tr e n d  i s 

cl e arl y  d e fi n e d  b y  t h e  c o nt e nt  of  D M A- u nit s.  Hi g h er  h y dr o p h o bi c 

D M A- c o nt e nt will pr o m ot e l o w er p h a s e tr a n siti o n t e m p er at ur e s [ 1 ,7 ]. 

Aft er t h e ti n l o a di n g, t h e L C S T d e cr e a s e d ar o u n d 3 ◦ C. T h e f u n cti o n al -

i z e d  c o p ol y m er s,  pr e p ar e d  u n d er  t h e  pr e s e n c e  of  tri m et h yl a mi n e, 

e x hi bit e d  a  l o w er  L C S T  t h a n  ot h er  f u n cti o n ali z e d  str u ct ur e s  d u e  t o  a 

sli g htl y hi g h er c o n c e ntr ati o n of t h e h y dr o p h o bi c or g a n o m et alli c fr a g -

m e nt s. F urt h er m or e, t h e i n c or p or ati o n of t h e or g a n oti n(I V) c o m p o u n d 

l e d t o br o a d er tr a n siti o n s, j u stif yi n g t h e l o c all y i n h o m o g e n e o u s i ntr o-

d u cti o n of t h e or g a n o m et alli c m oi eti e s al o n g t h e p ol y m er c h ai n s. T h e s e 

l o c al  i n h o m o g e n eiti e s  ar e  d u e  t o  t h e  l o w  c o n c e ntr ati o n  of  t h e 

or g a n o m et alli c fr a g m e nt s, w hi c h e x ert a l o c al i n fl u e n c e o n t h e h y dr o -

p hili cit y,  l e a di n g  t o  i n h o m o g e n o u s  h y dr o p hili cit y  al o n g  t h e  p ol y m er 

c h ai n. 

C o n v e nti o n al c al ori m etr y w a s al s o a v al u a bl e t o ol f or d et e cti n g t h e 

p h a s e  tr a n siti o n  t e m p er at ur e  of  t h e s e  t h er m or e s p o n si v e  m at eri al s 

(Fi g. 3 b). T h e d at a s e e m t o f oll o w t h e pr e vi o u s tr e n d d e fi n e d b y U V – vi s 

s p e ctr o s c o p y ( Fi g. 3 a). H o w e v er, s o m e diff er e n c e s c a n b e o b s er v e d i n 

p ur e  c o p ol y m er s.  T h e  p h a s e  tr a n siti o n  t e m p er at ur e  of  C 2  i s  sli g htl y 

hi g h er t h a n C 1, a n d t hi s eff e ct c a n n ot b e a s s o ci at e d wit h t h e c o m o n o m er 

c o nt e nt.  N e v ert h el e s s,  diff er e n c e s  i n  t h e  m ol ar  m a s s  c o ul d  b e  str o n g 

e n o u g h t o pr o m ot e t h e e n d gr o u p eff e ct o v er c o m o n o m er c o nt e nt, a n d 

L C S T c o ul d d e cr e a s e. T h e h y dr o p h o bi c i nt er a cti o n s of t h e R A F T a g e nt 

c o ul d ri s e d u e t o l o w m ol ar m a s s, i. e., e n d gr o u p s will i n cr e a s e if t h e 

l e n gt h  of  t h e  p ol y m eri c  c h ai n s  d e cr e a s e s  f or  t h e  s a m e  p ol y m er  c o n-

c e ntr ati o n i n w at er [ 7 ,3 5 ]. 

T h e i nt e n sit y a n d wi dt h of t h e si g n al o bt ai n e d b y c al ori m etr y c o ul d 

pl a y a n ot h er i m p ort a nt r ol e, w h er e h y dr o p h o bi c i nt er a cti o n s c o ul d l e a d 

t o br o a d er tr a n siti o n s, a n d t h e i nt e n sit y of t h e p e a k s c o ul d b e mi ni mi z e d 

[ 7 ,3 5 ]. T h e n, C 3 s h o w s a str o n g si g n al, a s c o ul d b e e x p e ct e d fr o m it s 

l o w e st c o nt e nt of c o m o n o m er a n d r el ati v el y hi g h m ol ar m a s s. T hi s eff e ct 

c a n al s o b e o b s er v e d w h e n t h e m et al c o m p o u n d i s i n c or p or at e d al o n g 

wit h t h e p ol y m eri c str u ct ur e, a s C 3 – S n pr o m ot e s br o a d er tr a n siti o n s at 

sli g htl y  l o w er  L C S T s.  N e v ert h el e s s,  t h e  L C S T  d o e s  n ot  d e cr e a s e  v er y 

m u c h a s c o m o n o m er c o nt e nt i s v er y l o w. 

T h e  r h e ol o g y  c a n  pr o vi d e  v al u a bl e  i nf or m ati o n  a b o ut  t h e  fi n al 

mi cr o str u ct ur e of t h e m at eri al s. Fi g. 4 s h o w s t h e c o m pl e x s h e ar m o d ul u s 

r e g ar di n g t h e t e m p er at ur e. T h e r e s ult s e x hi bit si mil ar p h a s e tr a n siti o n 

t e m p er at ur e s f or all t h e p ur e c o p ol y m er s o b s er v e d b y U V– vi s s p e ctr o s -

c o p y a n d c al ori m etr y, b ut C 1 di s pl a y s t w o tr a n siti o n s. Si mil ar b e h a vi or 

w a s pr e vi o u sl y r e p ort e d b y o ur r e s e ar c h l a b, i n di c ati n g t h at s e cti o n s of 

p ol y m eri c c h ai n s d e fi n e d b y p ur e NI P A M c o ul d s h o w a n i n d e p e n d e nt 

L C S T of ot h er p ol y m eri c s e cti o n s c o m p o s e d b y NI P A M a n d D M A c o- u nit s 

w h o s e L C S T  w o ul d b e l o w er [ 1 ].  T h e sit u ati o n i s  s o m e w h at diff er e nt 

w h e n C 2 i s a n al y z e d, a n d a si n gl e tr a n siti o n c a n b e o b s er v e d. If C 1 a n d 

C 2  ar e  c o m p ar e d,  t h e  diff er e n c e s  n e e d  t o  b e  r el at e d  t o  t h eir  m ol ar 

m a s s e s b e c a u s e c o m o n o m er c o nt e nt s ar e e q ui v al e nt s f or b ot h c a s e s. T h e 

C 2 s a m pl e e x hi bit s a si n gl e tr a n siti o n t h at s h o ul d b e a s s o ci at e d wit h t h e 

r a n d o m  s e q u e n c e s  of  NI P A M  a n d  D M A,  i. e.,  t h er e  ar e  n o  si g ni fi c a nt 

a m o u nt s of l o n g p ur e NI P A M- s e q u e n c e s or e v e n P NI P A M h o m o p ol y m er s 

i n t h e s a m pl e. T hi s w a s c o n cl u d e d fr o m c al c ul ati o n s of t h e n u m b er of 

c o m o n o m er s  i n  t h e  c h ai n.  Alt h o u g h  t h e  diff er e n c e s  i n  c o m o n o m er 

c o nt e nt of C 1 a n d C 2 ar e n ot v er y l ar g e, t h e diff er e n c e s i n t h e m ol ar 

m a s s a c c o u nt of a m a s si v e diff er e n c e i n t h e fr a cti o n of c h ai n s wit h o ut 

a n d wit h o nl y o n e D M A- m oi et y ( C 1: 4 % ( 0 D M A p er c h ai n) a n d 1 3 % ( 1 

D M A p er c h ai n) v s. C 2: 0. 4 % ( 0 D M A p er c h ai n) a n d 2 % ( 1 D M A p er 

S c h e m e 1. F u n cti o n ali z ati o n r e a cti o n b et w e e n p ol y( N -i s o pr o p yl a cr yl a mi d e-c o - d o p a mi n e m et h a cr yl a mi d e) c o p ol y m er a n d t h e or g a n o m et alli c c o m p o u n d.  

T a bl e 4 

C o nt e nt of S n of t h e fi n al pr o d u ct m e a s ur e d b y X R F.  

M at eri al S n ( wt. %) fi n al a 

C 1 – S n 0. 0 3 9 

C 1 – S n – N Et 3 0. 0 7 1 

C 2 – S n 0. 0 5 6 

C 2 – S n – N Et 3 0. 0 6 3 

C 3 – S n 0. 0 5 4 

C 3 – S n – N Et 3 0. 0 6 4  

a E x p e ri m e nt al  S n- c o nt e nt  d et er mi n e d  b y  X-r a y 

fl u or e s c e n c e. 
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Fi g. 2. Mi cr o str u ct ur e d et ail s of t h e f u n cti o n ali z e d c o p ol y m er s o bt ai n e d b y pr ot o n n u cl e ar m a g n eti c r e s o n a n c e ( a), F TI R- s p e ctr a ( b), a n d U V – vi s s p e ctr o s c o p y ( c), 

a n d X R D ( d). 

Fi g. 3. P h a s e tr a n siti o n t e m p er at ur e s a n al y z e d b y U V – vi s s p e ctr o s c o p y ( a), c o n v e nti o n al c al ori m etr y ( b).  
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c h ai n)  f or  M = M n ).  C o n s e q u e ntl y,  a  s m all  fr a cti o n 

P NI P A M- h o m o p ol y m er  i n  C 1  c a u s e s  t h e  a d diti o n al  u pt ur n  wit h  a 

m a xi m u m ar o u n d 3 5 ◦ C (t y pi c al of p ur e P NI P A M), a s it d el a y s t h e c h ai n 

c oll a p s e u ntil hi g h er t e m p er at ur e s. 

O n t h e ot h er h a n d, t h e or g a n o m et alli c m oi eti e s d e cr e a s e t h e L C S T, 

e s p e ci all y w h e n t h e r e a cti o n s w er e p erf or m e d i n t h e pr e s e n c e of N Et 3 , 

p r o b a bl y d u e t o a hi g h er a m o u nt of or g a n oti n (I V) d eri v ati v e l o a d e d. C 3, 

C 3 – S n, a n d C 3 – S n – N Et 3 s h o w si mil a r b e h a vi or d u e t o t h e l o w e st a m o u nt 

of  D M A- c o nt e nt,  w hi c h  d o e s  n ot  all o w  f or  i n c or p or ati n g  a  hi g h er 

a m o u nt of or g a n o m et alli c c o m p o u n d. T h e s a m pl e s r el at e d t o C 2 s h o w 

t h e hi g h e st diff er e n c e b et w e e n a p ur e c o p ol y m er a n d a f u n cti o n ali z e d 

s y st e m, d u e t o t h e c at e c h ol gr o u p s c o n si d er a bl y i n cr e a s e. T h e fir st L C S T 

of C 1 ( S c h e m e 2 ) d o e s n ot s h o w diff er e n c e s b et w e e n f u n cti o n ali z e d a n d 

n o n-f u n cti o n ali z e d  c o p ol y m er s  b e c a u s e  t h e  h y dr o p h o bi c  i nt er a cti o n s 

ar e dir e ctl y a s s o ci at e d wit h t h e h y dr o p h o bi c D M A- u nit s, w hi c h dir e ctl y 

i nt er a ct wit h t h e m ai n b a c k b o n e. N e v ert h el e s s, t h e i ntr o d u cti o n of t h e 

m et al c o m p o u n d i n cr e a s e s t h e h y dr o p h o bi c f or c e s b et w e e n p ol y m eri c 

s e cti o n s,  w hi c h  ar e  fr e e  of  D M A,  a n d  c o n s e q u e ntl y,  t h e  s e c o n d  L C S T 

d e cr e a s e s  r e g ar di n g  t h e  p ur e  c o p ol y m er.  T h e  i ntr o d u cti o n  of  t h e s e 

c o m pl e x e s,  t hr o u g h  t h e – O H  gr o u p s,  ri s e  t h e  l e n gt h  of  t h e  c at e c h ol 

gr o u p s,  i n cr e a si n g  t h e  p o s si biliti e s  t o  c o nt a ct  wit h  ot h er  s urr o u n di n g 

p ol y m eri c c h ai n s. M ai nl y, t h e i nt er a cti o n s will t a k e pl a c e wit h s e cti o n s 

fr e e of D M A, i. e., t h e s e c o ul d a ct a s pr ot e cti o n of t h e s e cti o n s c o m p o s e d 

b y NI P A M a n d N E A M m o n o m er s. 

Fi g. 5 c oll e ct s all t h e p h a s e tr a n siti o n t e m p er at ur e s e sti m at e d b y U V- 

s p e ctr o s c o p y,  c al ori m etr y,  a n d  r h e ol o g y.  T h e  a p pr o xi m ati o n s  w er e 

c arri e d o ut a s d e s cri b e d i n pr e vi o u s r e p ort s of t hi s r e s e ar c h l a b [ 3 5 ]. I n 

g e n er al, t h e i n c or p or ati o n of a n or g a n o m et alli c m oi et y t e n d s t o d e cr e a s e 

t h e p h a s e tr a n siti o n t e m p er at ur e of p ur e c o p ol y m er s a s c a n b e d e d u c e d 

f or all t h e s e m at eri al s a n d all t h e t e c h ni q u e s e x pl or e d. T h e i n fi u e n c e of 

t h e  c o m o n o m er  c o nt e nt  s u d d e nl y  m o di fi e s  t h e  p h a s e  tr a n siti o n  t e m -

p er at ur e s,  s h o wi n g  a  hi g h er  i n fi u e n c e  t h a n  t h e  m ol ar  m a s s  or  t h e 

R A F T- a g e nt, w hi c h ar e mi ni mi z e d [ 7 ,3 5 ]. T h e pr e s e n c e of t h e or g a n o -

m et alli c  c o m pl e x  s h o w s  a  s m all  d e cr e a s e  i n  t e m p er at ur e,  a s s o ci at e d 

wit h it s l o w c o nt e nt. T h e u s e of N Et 3 l e a d s t o l o a d m or e or g a n o m et alli c 

c o m pl e x e s i n t h e c at e c h ol gr o u p s, a n d c o n s e q u e ntl y, t h e L C S T d e cr e a s e s 

a littl e bit m or e. 

A n e x c e pti o n of t h e L C S T-t e n d e n c y c a n b e o b s er v e d f or t h e l o w e st 

L C S T of C 1- s a m pl e s o b s er v e d t hr o u g h r h e ol o gi c al m e a s ur e m e nt s. T hi s 

tr e n d  i s  o p p o sit e  t o  t h e  ot h er s,  i. e.,  t h e  L C S T  s e e m s  t o  ri s e  wit h  t h e 

pr e s e n c e  of  t h e  or g a n o m et alli c  c o m p o u n d.  N e v ert h el e s s,  t hi s  eff e ct 

c o ul d b e a s s o ci at e d wit h t h e pr e vi o u s e x pl a n ati o n, w h er e t h e D M A- u nit s 

a n d  or g a n o m et alli c  fr a g m e nt s  c o ul d  a ct  a s  pr ot e cti o n  of  t h e  m ai n 

b a c k b o n e r e g ar di n g s urr o u n di n g p ol y m eri c c h ai n s. O n t h e ot h er h a n d, 

t hi s fi n di n g c o ul d b e a s s o ci at e d wit h a n d artif a ct d u e t o p h a s e s e p ar a -

ti o n. A n ot h er e x pl a n ati o n c o ul d b e t h at t h e or g a n o m et alli c c o m pl e x e s 

i nt er a ct wit h t h e st ai nl e s s st e el ( Ni2 + , F e3 + , C r3 + , h a v e b e e n e st a bli s h e d 

t o i nt er a ct wit h D M A [3 6 ]) of t h e r h e o m et er pl at e s b y a d s or bi n g o nt o 

t h e  pl at e  s urf a c e  or  b uil di n g  c o m pl e x e s  wit h  i o n s  r el e a s e d  b y  t h e 

r h e o m et er pl at e s. 

Fi g.  4. P h a s e  tr a n siti o n  t e m p er at ur e s  a n al y z e d  b y  r h e ol o g y  ( c)  f or  p ur e  c o -

p ol y m er s a n d f u n cti o n ali z e d c o p ol y m er s. 

S c h e m e 2. H y p ot h eti c al s c h e m ati c of h y dr o p h o bi c i nt er a cti o n s o b s er v e d i n f u n cti o n ali z e d C 1, w hi c h s h o w s t w o- p h a s e tr a n siti o n t e m p er at ur e s.  

A. G ar cí a- P e ñ as et al.                                                                                                                                                                                                                          
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Aft er c arr yi n g o ut t h e c o m pl et e c h ar a ct eri z ati o n of t h e f u n cti o n al -

i z e d c o p ol y m er s, a pr eli mi n ar y st u d y of t h e p ot e nti al bi ol o gi c al a p pli-

c ati o n of t h e s e s y st e m s w a s p erf or m e d i n or d er t o d et er mi n e if, wit h a n 

o pti m al f u n cti o n ali z ati o n of t h e p ol y m er s wit h a c yt ot o xi c or g a n o m e -

t alli c  c o m p o u n d,  t h e y  mi g ht  b e c o m e  s uit a bl e  f or  t h eir  f ut ur e  u s e  i n 

a nti c a n c er  tr e at m e nt s.  All  t h e  s y nt h e si z e d  c o p ol y m er s  w er e  t e st e d i n 

vitr o a g ai n st a c a n c er c ell li n e of tri pl e- n e g ati v e br e a st c a n c er ( M D A- M B- 

2 3 1, Fi g. 6 ) a n d a g ai n st i m m u n e c ell s ( P B M C, Fi g. 7 ) u si n g c o n c e ntr a-

ti o n s  b et w e e n  2 0  a n d  4 0 0 μ g / m L,  w hi c h  h a v e  d e m o n str at e d  t o  b e 

c yt ot o xi c i n pr e vi o u s st u di e s of o ur gr o u p [ 3 7 – 3 9 ]. 

T h e pr eli mi n ar y r e s ult s s h o w t h at, g e n er all y, t h e n o n-f u n cti o n ali z e d 

c o p ol y m er s ar e n ot a cti v e a g ai n st a n y of t h e st u di e d c ell s ( c a n c er o u s a n d 

n o n- c a n c er o u s), w hi c h i n di c at e a hi g h d e gr e e of c o m p ati bilit y of t h e s e 

s y st e m s. H o w e v er, w h e n o n e a n al y z e s t h e S n- c o nt ai ni n g s y st e m s, it c a n 

e a sil y b e o b s er v e d t h at t h e c o p ol y m er s o bt ai n e d b y u si n g N Et 3 a s a b a s e 

i n t h e s y nt h eti c p at h w a y ( C 1– S n – N Et 3 , C 2– S n – N Et 3, a n d C 3 – S n – N Et 3 ) 

a r e al w a y s sli g htl y m or e a cti v e t h a n t h eir c orr e s p o n di n g a n al o g s ( s y n -

t h e si z e d wit h o ut  u si n g N Et3 ,  n a m el y C 1– S n, C 2 – S n, a n d  C 3 – S n). It i s 

i m p ort a nt t o n ot e t h at, o n a dir e ct c o m p ari s o n of all t h e m at eri al s at l o w 

d o s e s ( b et w e e n 2 0 a n d 2 0 0 μ g / m L), t h e c yt ot o xi cit y a g ai n st M D A- M B- 

2 3 1 i s u s u all y hi g h er t h a n t h at a g ai n st P B M C ( e x c e pt i n C 2 – S n – N Et 3 ). 

T hi s  b e h a vi or  i n di c at e s  t h at,  at  l o w  d o s e s,  t h e s e  s y st e m s,  m o d ul at e d 

wit h a hi g h er f u n cti o n ali z ati o n wit h t h e or g a n oti n(I V) c yt ot o xi c c o m -

p o u n d,  m a y  b e c o m e  s uit a bl e  f or  f urt h er  a nti c a n c er  st u di e s,  a s  t h e y 

pr e s e nt  a  sli g ht  s el e cti vit y  a g ai n st  c a n c er  c ell  li n e s,  c o m p ar e d  wit h 

P B M C. H o w e v er, t h e c yt ot o xi cit y of s o m e of t h e s y st e m s ( C 1 – S n, C 2 – S n, 

Fi g. 5. P h a s e tr a n siti o n t e m p er at ur e s of t h e p ur e a n d f u n cti o n ali z e d c o p ol y m er s e sti m at e d b y U V – vi s s p e ctr o s c o p y ( a), c al ori m etr y ( b), a n d r h e ol o g y ( c).  

Fi g. 6. C yt ot o xi cit y a s s a y s f or M D A- M B- 2 3 1 i n w hi c h c ell s tr e at e d wit h diff er e nt a m o u nt s of c o p ol y m er s w er e l a b el e d wit h p h y c o er yt hri n ( P E)- c o nj u g at e d pr o pi -

di u m i o di d e ( PI). U n st ai n e d c ell s w er e u s e d a s n e g ati v e c o ntr ol s, a n d t h e c ell s r e s ulti n g fr o m a p pl yi n g a s ol uti o n of P B S a n d 1 0 % D M S O a s p o siti v e c o ntr ol s. T h e c ell s 

w er e i n c u b at e d f or 1 mi n at 4 ◦ C i n t h e d a r k, a n d t h e d at a w er e a c q uir e d b y fi o w c yt o m etr y a n d a n al y z e d wit h Fl o w J o v X. 0. 7 ( Fl o w J o, L L C) s oft w ar e a n d Pri s m 8. 0 

( Gr a p h P a d) s oft w ar e. T h e hi g h er t h e b ar, t h e l o w er t h e c ell s ur vi v al. 

A. G ar cí a- P e ñ as et al.                                                                                                                                                                                                                          
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C 1 – S n – N Et 3, a n d  C 2 – S n – N Et 3 )  at  t h e  hi g h e st  t e st e d  c o n c e ntr ati o n  of 

4 0 0 μ g / m L  i s  hi g h er  a g ai n st  P B M C  t h a n  a g ai n st  M D A- M B- 2 3 1,  i n di -

c ati n g a l o w er d e gr e e of a p pli c a bilit y at t h e s e d o s e s b e c a u s e of a l o w 

s el e cti vit y t o w ar d s c a n c er c ell s. 

I nt er e sti n gl y, t h e m o st attr a cti v e bi ol o gi c al b e h a vi or h a s b e e n f o u n d 

f or C 3– S n a n d C 3 – S n – N Et 3 , w hi c h s h o w a g o o d d e gr e e of c yt ot o xi cit y 

a g ai n st c a n c er c ell li n e s M D A- M B- 2 3 1 b ut d o n ot aff e ct t h e P B M C. T h e s e 

pr eli mi n ar y r e s ult s v ali d at e f urt h er bi ol o gi c al st u di e s of t h e s e s y st e m s 

a g ai n st s o m e ot h er c a n c er c ell li n e s i n c or p or ati n g hi g h er a m o u nt s of t h e 

c yt ot o xi c c o m p o u n d. I n a d diti o n, s o m e st u di e s s h o ul d al s o b e c arri e d 

o ut u si n g diff er e nt t e m p er at ur e s t o o b s er v e if t h e eff e ct of t h e p ol y m er s 

a n d p ot e nti al eli mi n ati o n t o t h e m e di u m of t h e ti n c o m p o u n d m a y r e s ult 

i n a t h er m o-r e s p o n si v e dr u g- d eli v er y s y st e m f or m et all o dr u g s wit h p o-

t e nti al a p pli c a bilit y i n c h e m ot h er a p y. 

4.  C o n cl u si o n s 

T h e f u n cti o n ali z e d p ol y( N -i s o pr o p yl a cr yl a mi d e-c o - d o p a mi n e m et h-

a cr yl a mi d e) c o p ol y m er s wit h t h e tri p h e n ylti n m oi et y w er e s u c c e s sf ull y 

o bt ai n e d b y pr ot o n ol y si s r e a cti o n s a s F TI R- s p e ctr o s c o p y, a n d 1 H N M R 

s p e ct r o s c o p y  c o n fir m e d.  I n  a d diti o n,  t h e  L C S T- s e n siti vit y  of  t h e  c al o -

ri m etr y  a n d  U V – vi s  s p e ctr o s c o p y  c o ul d  all o w  t h e  d et e cti o n  of  t h e 

or g a n o m et alli c m oi eti e s b e c a u s e it s i n c or p or ati o n l e a d s t o br o a d er a n d 

m or e i nt e n s e p h a s e tr a n siti o n s. 

T h e s e n siti vit y of r h e ol o g y c a n di sti n g ui s h b et w e e n t h e c o m p o siti o n 

of  p ol y m eri c  s e cti o n s  a n d  s h o wi n g  v ari o u s  L C S T.  N e v ert h el e s s,  t h e 

m ol ar  m a s s  a n d  e n d- gr o u p  eff e ct  will  pl a y  a n  i m p ort a nt  r ol e  i n  t h e 

h y dr o p h o bi c i nt er a cti o n s o v er L C S T. If t h e p ol y m er m ol ar m a s s i s hi g h 

e n o u g h  a n d  t h e  c o m o n o m er  c o nt e nt  i s  s uf fi ci e ntl y  hi g h,  t o o,  t h e  f or -

m ati o n of c o m o n o m er-fr e e NI P A M- s e q u e n c e s i s eff e cti v el y s u p pr e s s e d, 

w hi c h l e a d s t o a si n gl e L C S T. F or l o w er m ol ar m a s s e s, a s m all b ut n o n- 

n e gli gi bl e  h o m o p ol y m er  fr a cti o n  l e a d s  t o  a  d o u bl e  L C S T  (l o w e st  a n d 

hi g h e st L C S T). 

I n a d diti o n, t h e s urr o u n di n g h y dr o p h o bi c i nt er a cti o n s of p ol y m eri c 

c h ai n s o v er p ol y m eri c s e q u e n c e s e nri c h e d i n c o m o n o m er c o nt e nt c o ul d 

b e r e stri ct e d if c o m o n o m er c o nt e nt i s hi g h e n o u g h, a n d c o n s e q u e ntl y, 

t h e l o w e st L C S T c o ul d r e m ai n c o n st a nt. T hi s eff e ct c o ul d b e i m pr o v e d if 

t h e  or g a n o m et alli c  c o m pl e x  i s  i n c or p or at e d,  a v oi di n g  h y dr o p h o bi c 

i nt er a cti o n o v er t h o s e s e g m e nt s b ut pr o m oti n g h y dr o p h o bi c i nt er a cti o n 

o n s e q u e n c e s of p ur e NI P A M, a n d c o n s e q u e ntl y, t h e hi g h e st L C S T c o ul d 

d e cr e a s e. 

Fi n all y,  a  pr eli mi n ar y  bi ol o gi c al  st u d y  of  t h e  f u n cti o n ali z e d  c o -

p ol y m er s a g ai n st M D A- M B- 2 3 1 c a n c er c ell s a n d P B M C s h o w e d t h at t h e 

f u n cti o n ali z e d  c o p ol y m er s  C 3– S n a n d  C 3 – S n – N Et 3 p r e s e nt e d  a  g o o d 

d e gr e e of c yt ot o xi cit y a g ai n st M D A- M B- 2 3 1 c ell s, w hil e n ot aff e cti n g t h e 

P B M C at l o w d o s e s. T h e s e r e s ult s will b e v ali d at e d i n a m or e d et ail e d 

f ut ur e st u d y of si mil ar s y st e m s t h at, i n c or p or ati n g hi g h er a m o u nt s of t h e 

c yt ot o xi c ti n c o m p o u n d a n d u si n g diff er e nt t e m p er at ur e s, m a y r e s ult i n 

a  t h er m o-r e s p o n si v e  dr u g- d eli v er y  s y st e m  f or  or g a n oti n  c o m p o u n d s 

wit h p ot e nti al a p pli c ati o n i n c h e m ot h er a p y. 

C R e di T a ut h o r s hi p c o nt ri b uti o n st at e m e nt 

Al b e rt o  G a r cí a- P e ñ a s: C o n c e pt u ali z ati o n,  M et h o d ol o g y, 

Fi g. 7. C yt ot o xi cit y a s s a y s f or P B M C i n w hi c h c ell s tr e at e d wit h diff er e nt a m o u nt s of c o p ol y m er s w er e l a b el e d wit h p h y c o er yt hri n ( P E)- c o nj u g at e d pr o pi di u m i o di d e 

( PI). U n st ai n e d c ell s w er e u s e d a s n e g ati v e c o ntr ol s a n d t h e c ell s r e s ulti n g of a p pl yi n g a s ol uti o n of P B S a n d 1 0 % D M S O a s p o siti v e c o ntr ol s. T h e c ell s w er e i n c u b at e d 

f or 1 mi n at 4 ◦ C i n t h e d a r k a n d t h e d at a w er e a c q uir e d b y fi o w c yt o m etr y a n d a n al y z e d wit h Fl o w J o v X. 0. 7 ( Fl o w J o, L L C) s oft w ar e a n d Pri s m 8. 0 ( Gr a p h P a d) 

s oft w ar e. T h e hi g h er t h e b ar, t h e l o w er t h e c ell s ur vi v al. 
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