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Abstract.1 A new approach to synthesis at the aminated 
glass surface of novel biocompatible polymeric 
nanolayers consisting of poly(N-methacryloyl-L-proline) 
brushes has been developed. Formation of the polymer 
nanolayers has been realized in several stages. At the first 
stage, the glass surface has been modified by aminosilane 
(APTEC), afterwards monolayer of the peroxide-
containing initiator (PI) based on pyromellitic acid has 
been tethered to this aminated surface. The immobilized 
PI has been used further for initiation of the grafting "from 
the surface" polymerization of N-methacryloyl-L-proline 
for obtaining of the peptidomimetic polymer brushes. 
Features of the reactions, as well as optimal conditions for 
performing the process are highlighted in this work. 
Presented here poly(N-methacryloyl-L-proline) grafted 
brush coatings are promising material for numerous 
applications in nanomedicine, especially for production of 
implants and systems of the controlled interaction with 
proteins and cells.  
 
Keywords: synthesis of polymer nanolayers, “grafting 
from” polymerization, polymer brushes, poly(N-metha-
cryloyl-L-proline), surface modification. 

1. Introduction 
During the last years, intensive efforts have been 

devoted to the strategy of formation of “smart” and 
“biomimetic” coatings [1-7]. Particularly, there is an 
increased interest in surfaces modified by the grafted 
polymer brushes which can change their affinity toward 
proteins and cells under external stimuli [1-3] and therefore 
have potential applications in biology and medicine. 
Research area belonging to development of biocompatible 
materials has been focused on bioactive surfaces capable to 
interact with a variety of biological systems. A strong 
progress in chemistry of the grafted polymer brushes 
grafted [8-13] initiated the study of their properties.  
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Synthetic peptide-mimetic polymers represent 
special interest for applications in grafted polymer 
brushes. The incorporation of amino-acid residues, which 
are the constitutional components of proteins, into 
synthetic polymers draws growing attention because such 
combination may lead to creation of new non-biological 
macromolecules with biomimetic properties [14]. The 
synthesis and characterization of polymers of amino acids 
N-acryloyl derivatives have been significantly developed 
by the group headed by T. Endo, who has synthesized and 
characterized acrylamides with various amino-acid 
moieties in the side chains [14-18, 19-21]. Polymers that 
have been synthesized from derivatives of L-proline 
exhibited thermo-responsive or dual-stimuli pH-and 
thermo-responsive properties [14-18]. Recently, thermo-
responsive properties have also been described for 
poly(N-acryloyl-L-valine), which are characterized by the 
lower critical solution temperature close to 282K [22]. 
Additionally, various hydrogels based on polymers of 
methacryloyl-L-alanine ethyl ester have been successfully 
synthesized [23, 24]. These homopolymer gels are highly 
swollen in the temperature range from 273 to 283 K and 
collapsed above 303 K, with the midpoint of the transition 
from a swollen to a collapsed phase at 293 K.  

In our previous work [25], we reported on the 
novel dual-stimuli-responsive grafted brush coatings of 
poly(N-methacryloyl-L-leucine) (PNML) which were 
successfully fabricated via polymerization from peroxide 
initiator grafted to pre-modified glass substrate. Chemical 
composition and thickness of PNML coatings were 
determined using time of flight-secondary ion mass 
spectrometry and ellipsometry, respectively. PNML 
coatings exhibit thermal response of the wettability 
between 277 and 301 K, which indicates a transition 
between hydrated loose coils and hydrophobic collapsed 
chains. Morphology of the PNML coating was observed 
with the AFM, transforming with increasing temperature 
from initially relatively smooth surface to rough and more 
structured surface. Protein adsorption observed by 
fluorescence microscopy for model proteins (bovine 
serum albumin and lentil lectin labeled with fluorescein 
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isothiocyanate) at transition from 278 to 298 K, showed 
high affinity of PNML coating to proteins at all 
investigated temperatures and pH. Thus, PNML coatings 
have significant potential for medical and biotechno-
logical applications as protein capture agents or functional 
replacements of antibodies (“plastic antibodies”). The 
high proliferation growth of the human embryonic kidney 
cell (HEK 293) on PNML coating was demonstrated, 
indicating its excellent cytocompatibility.  

Motivated by the strong progress in “biomimetic” 
coatings [25-27] here we continue to develop previously 
presented strategy for the fabrication of the grafted brush 
coatings with synthetic peptide-mimetic polymers. The 
main goals of our work are synthesis of N-methacryloyl-
L-proline monomer and fabrication of poly(N-methacry-
loyl-L-proline) – (PNMP) grafted brush coatings on the 
surface of previously peroxided glass. In addition, the 
properties of the grafted nanolayers have been studied in 
detail. 

2. Experimental 

2.1. Materials 

3-Aminopropyltriethoxysilane (APTES); proline 
with the content of the main substance 99%, Мr = 
= 115.13 g/mol; d20 = 1380 kg/m3; and methacryloyl 
chloride with the content of the main substance 97%,  
Мr = 104.54 g/mol; d20 = 1070 kg/m3 – all were supplied 
by Sigma-Aldrich. Organic solvents from diverse sources 
were purified as reported by Riddick et al. [28].  

Tert-butyl hydroperoxide was obtained as de-
scribed in [29] and purified by vacuum rectification, the 
fraction boiling in the temperature range of 318–320 K (at 
1.6 kPa) was collected. The final product had the 
refractive index 20

Dn  = 1.4002±0.0002 (in accordance with 
previous report 20

Dn = 1.4010 [30]).  

2.2. Synthesis of Pyromellitic Acid 
Tetrachloroanhydride  

In a 500 ml round-bottomed flask equipped with a 
thermometer and a reflux condenser, connected with 
water scrubber, 43.6 g (0.2 mol) of pyromellitic 
dianhydride and 91.6 g (0.44 mol) of PCl5 were mixed 
and boiled in the oil bath until the mixture became 
homogeneous. Afterwards, it was additionally mixed for 
15–16 h at 403–408 K. The reflux condenser was then 
replaced by a Liebig condenser and approximately 60–
63 g of POCl3 was distilled off during 8 h. Then the 
temperature of the mixture was increased to 453–458 K. 
The crude product was recrystallized then from gasoline 
yielding 51.2 g (78.1 %) of a colorless crystalline product 

with the melting point at 340 K (in accordance with the 
literature value of 341 K [31]) and acid number  
AN = 1373 mg KOH/g (calculated value 1368 mg KOH/g).  

2.3. Synthesis of Dichloroanhydride  
of Di-tert-Butylperoxy Pyromellitate 

(Peroxide Containing Initiator (PI)) 

4.6 g (0.014 mol) of pyromellitic acid chloride 
were dissolved in 15 ml of anhydrous dichloroethane, 
placed in three-necked flask equipped with stirrer, and 
2.52 g (0.028 mol) of tert-butyl hydroperoxide were 
added. The mixture was cooled down to 278 K, and then 
2.2 g (0.028 mol) of pyridine, dissolved in 10 ml of 
anhydrous dichloroethane, were added dropwise at 278 K. 
Then the suspension was mixed for 1 h while the 
temperature was raised gradually up to the room 
temperature. The precipitate of pyridinium chloride was 
filtered out. The solvent was distilled out and the pellet 
was dried in vacuum (100–200 Pa) at 313 K for 3 h, 
yielding 8.2 g (81 %) of peroxide. The pellet had a 
yellowish resin-like appearance. Its characteristics are 
summarized as follows: content of active oxygen is 1.9 % 
(calc. 2.2 %); content of active chlorine is 5.4 % (calc. 
4.9 %); AN = 163.1 mg KOH/g (calc. 155.3 mg KOH/g); 
infrared spectra showed characteristic bands of ν(C=O) in 
Ar–C(O)Cl, ν(C=O) in ester group at 1760 and 
1752 cm−1; doublet at 1390 and 1365 cm−1, referred to 
d(C(CH3)3) and a band of tert-butoxy group at 848 cm−1. 
For all samples 1H NMR spectra were recorded using a 
“Varian VXR” spectrometer (lH chemical shifts are 
expressed in ı-scale relative to internal standard – 
tetramethylsilane as integrated intensities correspond to 
the allocation mode). 1H NMR (300 MHz, DMSO-d6) δ, 
ppm: 1.25 (s, 18H, 6CH3); 8.75 (s, 1H, Ar–H); 8.90 (s, 
1H, Ar–H). Elemental analysis was performed on standard 
equipment for microanalysis. Calculated (C18H20Cl2O8): C 
49.67 %; H 4.63 %; Cl 16.29 %. Found: C 49.23 %; H 
4.52 %; Cl 16.50 %. 

2.4. Synthesis  
of Poly(N-Methacryloyl-L-Proline) 

N-methacryloyl proline was synthesized similarly 
to the method described in [32]. L-Proline (11.5 g, 
0.1 mol) was dissolved in 60 ml of 2M NaOH solution, 
and stirred at 273 K, while methacryloyl chloride (10.4 g, 
0.1 mol) and 60 ml of 2M NaOH were added dropwise 
within 30 min. The mixture was stirred for 2 h at room 
temperature and then the solution was acidified by 
addition of concentrated HCl (≈20 ml). After 2 h, the 
precipitate formed was filtered out and washed by distilled 
water. After filtering the product was recrystallized from 
ethanol. The yield was above 80 %. 
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2.5. Preparation of Coatings 

2.5.1. Modification of glass surfaces with  
di-chloroanhydride of di-tert-butylperoxy 
pyromellitate 

The procedure for modification is sketched in 
Scheme 1. Glass plates (20 mm×20 mm) were dipped into 
0.2 % (w/w) methanolic solution of APTES for 24 h (1). 
After incubation, weakly-bound silane molecules were 
removed by methanol extraction in a Soxhlet apparatus. 
Then the plates functionalized with APTES were dipped 
into 1% solution of peroxide in dry 1,4-dioxane for 24 h 
(2). Weakly-bound peroxide was removed by dioxane 
extraction in a Soxhlet apparatus during 4 h. As a result, a 
monolayer of peroxide tethered to the aminated surfaces 
was obtained (3). 

2.5.2. Grafting of PNMP brushes 

Glass plates with surface-immobilized PI were 
placed in a container with 0.1М ethanol solution of NMP 
monomer and heated under an argon blanket at 363 K for 
a certain time (6–48 h) for graft-polymerization. 
Afterward, the plates with PNMP grafted (4) were washed 
with ethanol in a Soxhlet apparatus for 4 h followed by 
drying in ambient conditions.  

2.6. Characterization of Coatings 

2.6.1. Water contact angle measurements  

Static contact angle experiments were performed 
by the sessile drop technique using a Kruss EasyDrop 
(DSA15) instrument with the Peltier temperature-
controlled chamber. Contact angles were determined as 
the average of 10 measurements at different points on the 
plate surface.  

To determine the fraction of the surface covered 
with PNMP brushes the Cassie-Baxter relationship [33, 
34] was used: 

glassnatedamiperoxide xx θθθ cos)1(coscos −+=    (1) 
where x and (1 − x) are two types of patches covering the 
surface with a real fraction.  

2.6.2. Ellipsometry 

Measurements were carried out with a serial null-
ellipsometer LEF-3 M, equipped with the “polarizer-
compensator-specimen-analyzer” arrangement, capable to 
determine the angular positions of polarization elements 
within 0.01° accuracy. A He–Ne single-mode laser (light 
wavelength λ= 632.8 nm) was used as a light source. 
Polarization parameters of light reflected from a sample 
(angles ψ and ∆) were determined using the two-zone 
technique (in the third and fourth measuring zone) for 

angle of incidence ϕ varied between 58° and 63° (with a 
1° step). This ϕ-range, corresponding to the region of the 
pseudo-Brewster angle (where ∆ ≈ π/2 or 3π/2), provides 
maximal sensitivity. The iterative procedure using mono- 
and two-layer models was applied to fit the (ψ, ∆) data 
recorded under optimal experimental conditions [35] and 
yield average thickness d (and refractive index n) for 
APTES and peroxide-graft-PNMP coatings, respectively. 
Optical parameters were determined as the average of 
three measurements at different points.  

The average molecular weights of the grafted 
PNMP brushes were calculated considering ellipsometry 
data and kinetic parameters of polymerization using 
equation: 

neC
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M k

p

⋅−
=
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τ
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where M is the average molecular weight of the grafted 
PNMP brushes, g/mol; Cp is the surface concentration of 
the PNMP brushes at the surface, g/m2; C0 is the initial 
concentration of peroxide groups of the initiator 
immobilized at the surface, mol/m2; k is the rate constant 
for the first order decomposition of peroxide groups at 
363 K (k = 8.1·10-6 s-1); τ is a polymerization time, s; and 
n is an initiation efficiency of the graft polymerization to 
the surface [36]. 

3. Results and Discussion 

The grafted PNMP brushes were prepared in a 
three-step process outlined in Scheme 1. Initially, the 
native glass surface (1) was modified with APTES in 
order to get aminated surface (2) with higher reactivity. 
Then, peroxide monolayer (3) was tethered via interaction 
of dichloroanhydride of di-tert-butylperoxy pyromellitate 
with amino groups of APTES layer. Finally, the PNMP 
brushes (4) were grafted applying polymerization of NMP 
initiated from the surface by immobilized peroxide. 

Thicknesses of the grafted layers were estimated by 
ellipsometry. Average thicknesses of the APTES layer and 
monolayer of peroxide initiator, measured by ellipsometry, 
were equal to 0.5 and 1.5 nm, respectively. The surface 
concentration of peroxide molecules (C0) in monolayer was 
calculated from ellipsometric data using the equation:  

i

ii
M

hC ρ⋅
=0            (3) 

where hi is the layer thickness measured by ellipsometry, 
nm; ρi is the peroxide initiator bulk density  
(ρi = 1.3 g/cm3) and Mi is the molecular weight of the 
peroxide initiator (Mi = 435 g/mol). Calculated surface 
concentrations of the peroxide molecules and peroxide 
groups are (4.4±0.1)·10−6 and (8.8±0.2)·10−6 mol/m2, 
respectively.  
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Scheme 1. Strategy for synthesis of the grafted peptidomimetic polymer brushes at the glass surface (1)  
involves three main stages: surface amination (2) via interaction with APTES; tethering of peroxide initiator (3);  

and graft-polymerization of NMP initiated by immobilized initiator, resulting in PNMP brushes (4). 
 
Under given conditions, the concentration of the 

peroxide initiator at the surface reached this maximum 
when 1% solution of peroxide initiator in dry 1,4-dioxane 
reacted with aminated surface for 24 h.  

The average thickness of PNMP brushes depended 
on polymerization time gradually increasing up to nearly 
30 nm for 20 h (Fig. 1a), whereas the refractive index 
quickly reached the plateau value and afterward it did not 
changed in spite of further rise of PNMP thickness (Fig. 
1b). The refractive index of the PNMP top covering after 
48 h grafting was 1.497.  

Surface concentrations and grafting densities of 
PNMP in the grafted nanolayers were calculated from 
ellipsometry data (Table 1). The grafting density (σ) of 
PNMP chains at the glass surface was calculated using 
equation: 

M
Nh Aρ

σ =      (4) 

where σ is the grafting density, chains/nm2; h is the dry 
layer thickness measured by ellipsometry, nm; ρ is the 
PNMP bulk density, g/cm3; NA is Avogadro’s number, 
mol-1, and M is the average molecular weight of the 
PNMP brushes grafted to the surface, g/mol. 

For calculation of the main parameters charac-
terizing the PNMP nanolayers, namely an average 
molecular weight of the grafted brushes and their grafting 

density at the surface we used Eqs. (2) and (4), 
respectively. We assumed that initiation efficiency (n in 
Eq. (1)) for the peroxide initiator immobilized at the 
surface was equal to 0.1 [36] and remained constant 
throughout the process; and the initial concentration of 
peroxide groups at the surface C0 = 8.8·10-6 mol/m2. The 
calculated data are summarized in the Table.  

As expected, the grafting density of PNMP brushes 
is rising with polymerization time and after 48 h it reaches 
approximately a half of chain per 1 nm2 of the surface, i.e. 
1 chain occupies about 2 nm2 of the surface. Taking into 
consideration quite high molecular weight of the PNMP 
macrochains, such results can be achieved only if 
macrochains are strongly stretched forming brushes at the 
surface. Another important observation concerns the 
molecular weight of the grafted macrochains, as follows 
from the data presented in the Table, an increase in 
polymerization time brought about an essential lowering 
of their average molecular weight. This phenomenon can 
be explained by the fact that with increasing the grafting 
density the diffusion rate of monomer molecules to the 
radicals growing from the surface is slowed down, which 
in turn causes slowing of the propagation rate of  the 
reaction and consequently leads to decrease of molecular 
weight of the macromolecules formed under these 
conditions.  
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Fig. 1. Average thicknesses (a) and refractive indexes (b) of the PNMP  
nanolayers measured by ellipsometry vs. polymerization time 

 
Table 

Effect of polymerization time on the parameters of the grafted poly(N-methacryloyl-L-proline) nanolayer  

Surface concentration
 

Polymerization 
time, h

 Thickness, 
nm

 
mg/m2 mol/m2 

Average molecular 
weight, kg/mol 

Grafting densities, 
chains/nm2 

5 9 10.9 0.6•10-4 91 0.08 
8 12 14.5 0.7•10-4 79 0.12 

12 17 20.6 1.1•10-4 79 0.17 
24 26 31.5 1.7•10-4 71 0.29 
48 31 37.5 2.0•10-4 57 0.43 
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Fig. 2. Effect of polymerization time on receding water contact angles (a)  
and fraction of the surface covered with PNMP brushes determined using the Cassie-Baxter relationship (b) 
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of the PNMP nanolayer measured by ellipsometry 
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The effect of grafting time on the water receding 
contact angle at the glass surfaces modified with PNMP 
coating is shown in Fig. 2a. Glass surface demonstrates 
high hydrophility and consequently is characterized by 
low water contact angle; however when silanized, the 
glass surface loses its high hydrophility and the water 
contact angles rise up to 67° (the point on the ordinate 
axis in Fig. 2a). The water contact angle for wetting of the 
“pure” poly(N-methacryloyl-L-proline) surface is low, 
just 16.1 ± 2 and its grafting onto the silanized glass 
surface should gradually reduces water contact angle due 
to its hydrophilization. The longer the polymerization 
time, the higher the quality of poly(N-methacryloyl-L-
proline) grafted to the glass surface, and the lower the 
water contact angle; this is clearly seen from Fig. 2a.  

Using Cassie-Baxter equation (Eq. (1)), the fraction 
of the glass surface covered with PNMP brushes has been 
estimated as a function of polymerization time (Fig. 2b). 
Analyzing these results, it can be concluded that the surface 
is covered incompletely; even after 48 h of modification, 
less than 80 % of the surface was covered by PNMP. 

The dependence of the fraction of the surface 
covering on the thickness of the grafted PNMP nanolayers 
has an inflection point (Fig. 3.), indicating some changes in 
morphology of the grafted polymer layers. The initial part 
of the curve is almost linear up to about 17 nm of thickness 
determined ellipsometrically but further thickness growth 
has much smaller effect on the fraction of covered surface. 
A possible reason for this phenomenon is that the grafted 
PNMP nanolayer has a relatively loose structure even at 
high grafting density and a complete covering can be 
achieved only for quite thick PNMP layers. 

4. Conclusions 

The novel peptidomimetic coatings consisting of 
poly(N-methacryloyl-L-proline) brushes grafted to the 
glass surface were synthesized using graft-polymerization 
of N-methacryloyl-L-proline initiated from the surface by 
immobilized peroxide initiator while the latter was 
tethered to the previously aminated glass plates. Investiga-
tion of PNMP nanolayers by means of ellipsometry 
revealed that both its thickness and the grafting density of 
brushes increased with polymerization time. Grafting of 
the PNMP brushes brought about a gradual diminishing of 
the water contact angle of the surface modified. However, 
the calculation of the surface covering fraction showed 
that surface was covered incompletely, even at quite high 
grafting density (0.43 macrochain per nm2) fraction of 
covering did not exceed 80 %, probably due to the 
formation of PNMP nanolayers with relatively loose 
structure in these conditions. The synthesized PNMP 
coatings may have a great potential for medical and 
biotechnological applications as protein capture agents 
and supports for cell growing.  
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СИНТЕЗ, СТРУКТУРА І ВЛАСТИВОСТІ 
ПРИЩЕПЛЕНИХ ПОЛІМЕРНИХ ЩІТОК  

НА ОСНОВІ ПОЛІ(N-МЕТАКРИЛОЇЛ-L-ПРОЛІНУ) 
 
Анотація. Розроблено новий підхід до синтезу на по-

верхні амінованого скла нових біологічно сумісних полімерних 
наношарів на основі полі(N-метакрилоїл-L-проліну). Процес 
формування полімерних наношарів проводили в декілька ста-
дій. Спочатку поверхню скла модифікували аміносиланом 
АПТЕС, в подальшому до утвореного амінованого моношару 
прищеплювали пероксидовмісний ініціатор (ПІ) на основі піро-
мелітової кислоти. Іммобілізований ПІ використовували для 
ініціювання прищеплювальної "від поверхні" радикальної полі-
меризації N-метакрилоїл-L-проліну для отримання пептидімі-
туючих полімерних щіток. У роботі висвітлено особливості 
перебігу реакції та оптимізовані умови її проведення. Наведені 
прищепленні покриття на основі щіток полі(N-метакрилоїл-L-
проліну) є багатообіцяючим матеріалом для багатьох 
застосувань у наномедицині, зокрема для створення імплантів 
та систем контрольованої взаємодії з білками та клітинами.   

 
Ключові слова: синтез полімерних наношарів, при-

щеплювальна "від поверхні" полімеризація, полімерні щітки, 
полі(N-метакрилоїл-L-пролін), модифікація поверхні. 

 
 


