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ABSTRACT: Inspired by nature, hydrophilic diblock brush copolymers
containing  both  phosphorylcholine  groups  and  poly(ethylene  oxide)
(PEO)  side  chains  were  synthesized  by  successive  reversible  addition-
fragmentation chain transfer (RAFT) polymerization of the zwitterionic
monomer  2-methacryloyloxyethyl  phosphorylcholine  (MPC)  and  the
PEO-containing  macromonomer  poly(ethylene  oxide)  methyl  ether
methacrylate  (PEOMEMA)  for  the  first  time.  The  lubricating  effect  of
several diblock brush copolymers and one gradient copolymer of MPC
and  PEOMEMA  was  evaluated  by  tribological  measurements  in
polydimethylsiloxane (PDMS)–glass and cartilage–glass systems which
were  placed  in  phosphate-buffered  saline  (PBS)  solutions  of  the
polymers.  The  best  lubrication  was  provided  by  the  diblock  copolymer  with  a  relatively  long  poly(2-methacryloyloxyethyl
phosphorylcholine) (pMPC) block and the copolymer of gradient structure. The average dynamic coefficient of friction (COF) in the
PDMS–glass system at a copolymer concentration of0.4 mg/mL was only 0.004–0.007,  while COF values of  the copolymers in the
cartilage–glass  system  after  450  sliding  cycles  reached  0.06–0.07.  The  excellent  lubrication  effect  of  the  diblock  and  gradient
copolymers  of  MPC  and  PEOMEMA  is  attributed  to  hydration  lubrication  provided  by  pMPC  synergistically  combined  with  steric
repulsion  from  PEOMEMA.  Entrapment  of  diblock  brush  copolymers  between  sliding  surfaces  was  sufficient  to  provide  effective
lubrication, thus enhancing the efficacy of the diblock brush copolymers as potential additives for intraarticular injections.

KEYWORDS: phosphorylcholine; poly(ethylene  oxide)  (PEO); reversible  addition-fragmentation  chain  transfer  (RAFT)
polymerization; cartilage lubrication; coefficient of friction (COF)

  

1  Introduction
A  healthy  human  joint  exemplifies  superlubrication  with  a  very
low coefficient of friction (COF) ranging from 0.001 to 0.01, even
under  routine  physiological  pressures  of  4–10  MPa  [1, 2].
Unfortunately, knee osteoarthritis (OA) is a highly spread disorder
and a primary contributor to global disability, with a likelihood of
further escalation in the forthcoming years [2, 3]. Joint pain due to
OA is mainly caused by the degradation of cartilage tissue and the
breakdown of its  natural  lubrication ability.  In the early stages of
OA,  viscosupplementation  is  often  performed  for  pain  relief,
which requires multiple intraarticular injections of hyaluronic acid

(HA) [4−6]. HA assists in increasing the viscosity of synovial fluid
and,  in  theory,  can  interact  with  exposed  chondrocytes  and  the
damaged  cartilage  matrix.  Although  the  efficacy  of
viscosupplementation is still under debate [7], this treatment gives
rise  to  an  excellent  delivery  route  for  other  biocompatible  and
bioactive  molecules  into  the  joint  cavity,  enabling  further
enhancement of lubrication and relief of pain.

Inspired  by  the  diversity  of  molecular  structures  in  synovial
fluid—hyaluronic  acid,  lubricin,  aggrecan,  and  phospholipids,
many  new  polymers  with  various  architectures  have  been
investigated  for  lubrication  enhancement  [8].  Among  these
alternative materials are synthetic zwitterionic polymers. The most
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extensively  studied  zwitterionic  polymer  is  poly(2-
methacryloyloxyethyl  phosphorylcholine)  (pMPC),  which  is  well
known  for  its  biocompatibility  and  ability  to  mimic  the
aforementioned  phospholipids  [9, 10].  Due  to  their  unique
properties,  2-methacryloyloxyethyl  phosphorylcholine  (MPC)
polymers are suitable for various applications, such as biomedical
devices, coatings, and lubricants [11−14].

MPC polymers have typically been used to reduce friction and
enhance  lubrication  in  the  form  of  a  coating  [15−19].  Various
types of copolymers containing MPC units have been synthesized
and explored, including graft-derivatives of natural polymers (e.g.,
chitosan  [20, 21]  or  hyaluronic  acid  [22, 23])  and  synthetic
polymers (e.g., polydimethylsiloxane (PDMS) [24, 25] or poly(N-
isopropylacrylamide)  (PNIPAAm)  nanospheres  [26]),  as  well  as
amphiphilic  statistical  [27−30]  and  block  [30−32]  copolymers.
The COF of the grafted copolymer PDMS-pMPC was 90% lower
than that of pristine PDMS [24].  By increasing the ratio of MPC
to  poly(vinylmethylsiloxane-co-dimethylsiloxane)  in  the
copolymer,  the  COF  value  decreased  from  1.4  to  0.01  [29].  The
COF  was  significantly  reduced  from  0.124  for  the  neat  titanium
alloy  to  0.051  for  the  dopamine  methacrylamide  (DMA)–MPC
copolymer-coated  surface;  moreover,  the  COF  was  almost
independent of frequencies and pressures [33]. The COF value of
the copolymers of  MPC and DMA at a loading force of  35 MPa
decreased from 0.018 to 0.009 with the increase of the copolymer
concentration by 50% [33].

Phosphorylcholine  moieties  present  on  polymer  molecules
constitute  a  unique  structure  that  imparts  excellent  lubricating
properties  by  preventing  close  contact  and  adhesion  between
surfaces  [13, 34, 35].  The  main  explanation  of  the  excellent
lubricating properties of MPC polymers was developed by Klein’s
group.  [18, 36, 37]  which was termed hydration lubrication (one
type  of  boundary  lubrication).  Basically,  two  main  aspects  of
hydration  lubrication  are  addressed.  First,  the  strong  binding  of
water  molecules  to  the  mantled  ionic  charges  forms  a  hydration
shell around the negative and positive charges (PO4−, N+(CH3)3) of
the phosphorylcholine group (over 15 water  molecules  per  MPC
headgroup) [38−41]. Fu et al. [38] and Ishihara et al. [40] proved
the  formation  of  an  inner  salt  between  the  positive
trimethylammonium  and  negative  phosphate  groups  in  aqueous
solutions,  and  the  arrangement  of  water  molecules  into  a
“clathrate” structure around the trimethylammonium group. The
bound water around the phosphoryl choline group is also known
as non-freezing water.  Namely,  it  is  not  able  to  crystallize  due to
robust  molecular  interactions  with  the  matrix  polymer.  The
second aspect of the hydration lubrication mechanism is related to
the  rapid  relaxation  of  hydration  layers  [37, 42].  This  property
enables the material  to exhibit  fluid-like behaviour when sheared
at  rates  lower  than  the  relaxation  rates  [41].  Thus,  the  hydrated
shells  of  MPC  are  highly  fluid,  serving  as  effective  lubricating
layers.

Another  polymers  widely  used  for  reduction  of  friction  in
aqueous  solutions  are  those  containing  poly(ethylene  oxide)
(PEO)  segments.  PEO,  alternatively  referred  to  as  poly(ethylene
glycol) (PEG), is a water-soluble polymer extensively examined for
both  its  aqueous  solution  properties  [43, 44]  and  interfacial
properties  [45−47].  Müller  et  al.  [48]  have  demonstrated  that
poly(L-lysine) containing poly(ethylene glycol) grafts adsorbs onto
the silica surface due to electrostatic interactions and forms dense
brush  layers  that  provide  good  lubrication.  The  low  friction
between  polymer-coated  surfaces  is  attributed  to  steric
repulsion—another  type  of  boundary  lubrication,  defined  as  the
lubrication of surfaces by molecules that hold on to a thin layer of

water (e.g., the lamina splendens of the articular cartilage surface)
[19, 49, 50].  Pettersson et  al.  [51] demonstrated that  bottle-brush
polymethacrylate-type  copolymers  with  randomly  distributed
PEO  side  chains  and  a  positively  charged  backbone  in  aqueous
media  were  firmly  attached  to  the  surfaces,  creating  a  highly
hydrated PEO layer and providing extremely low friction between
coated  surfaces.  The  lowest  COF  (0.006)  was  observed  for  the
copolymer with a  low charge  density  and a  high density  of  PEO
chains,  confirming  the  strong  contribution  of  the  extended
conformation  of  the  adsorbed  layer  [52].  The  excellent  lubricity
was  explained  by  several  factors,  such  as  low  interpenetration  of
the  opposing  brushes,  high  fluidity  of  the  hydration  layers,  and
differences  in  osmotic  pressure  between  the  brush  layer  and  the
surrounding  medium  [53].  Thus,  for  excellent  lubrication,  the
polymer layers on a surface should be dense, stretched to prevent
interpenetration  between  opposing  layers,  and  sufficiently
hydrated to form a fluidic interface.

Statistical  copolymers  of  MPC  with  styrene  and  various  alkyl
methacrylates  were  synthesized  by  conventional  free-radical
copolymerization [28, 54, 55]. Later, various methods of reversible
deactivation (living) radical polymerization were employed, which
enabled  to  synthesize  MPC  copolymers  with  more  complex
architectures,  such  as  block-type  and  graft-type  copolymers  [32,
56−59].  Recently,  superhydrophilic  gradient-like  brush
copolymers  containing  MPC  units  and  PEO  side  chains  were
successfully  synthesized  by  reversible  addition-fragmentation
chain transfer (RAFT) copolymerization [59].

In  the  present  study,  we  aimed  to  prepare  the  brush-type
copolymers  carrying  both  phosphorylcholine  groups  and  PEO
side  chains,  and  to  evaluate  the  effect  of  these  two  types  of
functionalities  present  on  the  same  backbone  on  the
biolubrication  behaviour  in  aqueous  solutions  as  a  potential
application for viscosupplementation improvement. To the best of
our  knowledge,  there  are  no  published  papers  on  the  synthesis
and application of diblock copolymers of MPC and poly(ethylene
oxide)  methyl  ether  methacrylate  (PEOMEMA).  We  expect  that
the  block  structure  of  such  copolymers  will  be  beneficial  for
exploring  several  mechanisms  of  articular  cartilage  lubrication
which  can  complement  each  other.  An  intermediate  but
important  task  was  the  synthesis  of  the  diblock  copolymers  via
successive  RAFT  polymerization  of  the  zwitterionic  monomer
MPC  and  PEO-containing  macromonomer  PEOMEMA.  The
synergetic effect of PEO brushes and phosphoryl choline moieties
of  the  copolymers  on  the  lubricating  efficiency  of  articular
cartilage is pointed out and discussed.

2  Materials and methods
A  description  of  the  materials  used,  as  well  as  the  methods  of
polymer  synthesis  and  characterization,  is  presented  in  the
Electronic Supplementary Material (ESM).

2.1  Evaluation of lubrication

2.1.1  Preparation of PDMS probe

Hemispherical  PDMS  probes  were  utilized  in  preliminary
experiments  to  figure  out  the  influence  of  MPC–PEOMEMA
copolymer  concentration  in  tribological  tests.  The  PDMS  mixed
solution  (monomer/cure  agent  10:1  v/v,  Sylgard-184,  Dow
Corning,  USA)  was  added  in  a  96-well  clear  polystyrene  (PS)
microplate (Greiner Bio-One, Germany). The plate was placed in
a vacuum chamber at 80 °C overnight (> 12 h). After curing, the
probes were then removed out from the 96-well microplate gently.
The PDMS probe had a radius of 3.1 mm and a length of 10 mm,
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the  same  size  as  that  of  a  single  well  of  the  96-well  microplate.
n-hexane  (Sigma-Aldrich,  USA)  was  applied  to  remove  dust
attached  on  the  PDMS  surface.  Then,  PDMS  probe  was  washed
by  Milli-Q  water  through  sonication  for  15  min.  The  detail  was
referred to our previous work [60].

2.1.2  PDMS–glass tribological experiment

The  tribological  experiment  was  carried  out  using  UMT-3
universal  mechanical  tester  (Bruker  Corporation,  USA) in a  pin-
on-plate  reciprocating  sliding  model.  The  PDMS  cylinder  was
fixed  under  the  UMT  load  cell  (DFM-1.0,  Bruker,  USA)  and
rubbed against a borosilicate glass (Schott BK-7, Gerhard Menzel
GmbH, Germany) (Fig. 1). A distance of ±12 mm, a vertical load
of 4 N, and a sliding speed of 4 mm/s were chosen to simulate the
swing phase of human gait cycle [61]. 220 reciprocate cycles were
applied  (back  and  forward)  for  1,320  s.  For  figuring  out  the
influence  of  MPC–PEOMEMA  copolymer  concentration  in
tribology,  various  MPC–PEOMEMA  copolymer  solutions
(2  mg/mL  in  10  mM  PBS  buffer)  were  prepared  in  advance.
During the measurement, 2 mL of PBS buffer was initially added
to  the  glass  surface,  and  50  μL  of  the  copolymer  solution  was
dosed  every  20  cycles  interval  until  220  cycles,  resulting  in  the
concentration  of  MPC–PEOMEMA  copolymers  between  PDMS
and  glass  be  0  (cycle  1–20),  0.048  mg/mL  (cycle  21–40),
0.096  mg/mL  (cycle  41–60),  and  up  to  0.400  mg/mL  (cycle
201–220).  For  comparison,  pure  PBS  buffer  was  used  as  the

lubricant  throughout  the  rubbing  test  as  a  control.  The  whole
rubbing experiment was kept at a constant temperature of 33 °C,
which  meets  the  intra-articular  temperature  in  the  knee  joint
during mild activity [62]. The average dynamic COF for every 20
cycles was measured corresponding to different concentrations of
MPC–PEOMEMA copolymer solution.

2.1.3  Preparation of osteochondral plug

Fresh  bovine  knee  joints  were  harvested  from two-year-old  bulls
at  an  abattoir  (Kroon  Vlees  b.v.,  the  Netherlands)  and  dissected
24  h  after  slaughter.  The  femoral  condyles  of  bovine  knee  joint
were  chosen  for  cutting  and  drilling  cartilage  plugs  (diameter
12 mm). Whole preparation was performed at room temperature
(20–24 °C). The cartilage surface was kept wet and cool using PBS
buffer  during  the  drilling  and  cutting.  Osteochondral  plugs  were
obtained  after  drilling  through  a  stainless-steel  cylinder  (inner
diameter  12  mm).  Before  further  tribological  measurements,  the
cartilage plugs were stored in PBS buffer at 4 °C and used within
24  h.  The  morphology  and  topography  of  the  cartilage  surface
were  well  characterized,  with  more  details  available  in  latest
publications [7, 61, 63]. The roughness measured by atomic force
microscopy (AFM) was found to be 496±67 nm [61].

2.1.4  Cartilage–glass tribology test

Frictional experiments were performed on a cartilage–borosilicate
glass model which was immersed in a copolymer solution with a

 

Fig. 1    Schematic representation of the basic setup for PDMS–glass tribology measurement.

 

Fig. 2    Schematic representation of basic setup for cartilage plug–glass tribology measurement.
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concentration of 0.4 mg/mL, using UMT-3 with reciprocal sliding
motion  (±10  mm  at  4  mm/s  under  a  load  of  4  N).  A  4  N  load
results  in a contact pressure of  0.4 MPa [64].  Each measurement
lasted  450  cycles  (1  h)  at  33  °C.  The  average  dynamic  COF  for
each  cycle  was  measured.  To  further  simplify  the  display,  the
mean  COF  value  of  every  50th  cycle  was  picked  up  up  to
450 cycles (i.e., cycle 0, cycle 50, cycle 100, until cycle 450).

3  Results and discussion

3.1  Synthesis  and  characterization  of  the  diblock
copolymers of MPC and PEOMEMA
Successive  RAFT  polymerization  of  MPC  and  PEO19MEMA  to
yield  the  diblock  copolymer  pMPC-b-p(PEO19MEMA)  is
presented in Scheme 1. RAFT polymerization was carried out in a
3:1  (v/v)  methanol/water  mixed  solvent,  using  4,4′ -azobis-(4-
cianovaleric  acid)  (ACVA)  as  an  initiator  and  4-
(((butylthio)carbonothioyl)thio)-4-cyanopentanoic  acid  (CTA)  as
the RAFT chain transfer agent. The structural formulas of ACVA
and CTA are presented in the ESM.

The  polymerization  of  MPC  in  the  mixed  methanol
(MeOH)/water  (3:1,  v/v)  solvent  was  studied  in  our  previous
publication  [65].  Using  the  same  procedure,  we  prepared  three
samples  of  pMPC  with  different  chain  lengths  (degree  of
polymerization  (DP)  18,  27,  and  41)  and  used  them  as  macro-
CTAs  for  chain  extension  with  PEOMEMA  units,  in  which  the
polymerisation  degree  of  ethylene  oxide  was  19  or  9  (i.e.,
PEO19MEMA or PEO9MEMA, respectively). The number-average
molecular  weight  (Mn)  of  these  pMPC  samples,  determined  by
size exclusion chromatography (SEC), was 10, 15.5, and 23.3 kDa,
respectively; the dispersity index Ð of the polymers was 1.09, 1.08,
and  1.10,  respectively.  Chain  extension  (formation  of  the  second
block composed by PEOMEMA units) was followed by recording
SEC elution curves of the reaction mixtures.

SEC  elution  curves  of  the  reaction  mixtures  after  RAFT
polymerization  of  MPC  and  chain  extension  of  pMPC  with  the
chains of  PEO9MEMA or PEO19MEMA are shown in Fig.  3.  All
elution  curves  contain  two  peaks:  a  polymer  peak  at  lower
retention  volume  and  a  residual  monomer  peak  at  higher
retention  volume.  It  means  that  the  monomer  conversion  at  the
moment  of  sampling  was  not  very  high.  Residual  monomer  was
successfully  removed  from  pMPC  by  reprecipitation  from
methanol,  and  the  purified  and  dried  pMPC  was  used  for  the
chain extension. During chain extension, the peak associated with
residual  monomer  PEOMEMA  was  usually  larger,  indicating
lower  conversion  of  PEOMEMA.  Nevertheless,  the  peaks  on
elution  curves  attributed  to  the  block  copolymer  appeared
unimodal and shifted towards lower retention volumes relative to
the  pMPC  peak  (Fig.  3).  This  proves  the  formation  of  block

copolymers  with  molecular  weights  considerably  higher  than
those of pMPC. The peaks on SEC elution curves of the reaction
mixture  attributed  to  pMPC  and  the  block  copolymers  partially
overlap  (Fig.  3),  which  raises  a  question  about  possible
contamination  of  the  block  copolymers  with  homopolymer
molecules. In order to dispel any doubts, SEC elution curves of the
diblock  copolymers  after  purification  by  dialysis  through  a
12–14  kDa  molecular  weight  cut-off  (MWCO)  membrane  were
recorded  (Fig.  S6  in  the  ESM).  These  curves  are  unimodal  and
symmetrical,  indicating  that  the  diblock  copolymers  are
uncontaminated  and  exhibit  low  dispersity.  The  formation  of
diblock  copolymers  was  further  confirmed  by  diffusion-ordered
spectroscopy (DOSY) spectra of the copolymers, which indicated
no  evidence  of  homopolymers  (Figs.  S8–S10  in  the  ESM).  The
diffusion  rates  of  pMPC41,  pMPC41-b-p(PEO19MEMA)12,  and
pMPC41-b-p(PEO9MEMA)17,  calculated  using  DOSY  spectra
alongside stacked diffusion spectra, were 3.25×10−6, 1.95×10−6, and
1.93×10−6 cm2/s,  respectively.  Obviously,  the diffusion rates of  the
diblock  copolymers  are  significantly  lower  than  those  of  pMPC
used  as  the  macro-CTA  for  chain  extension  with  PEOMEMA
units.  The  similarity  of  the  diffusion  rates  of  both  diblock
copolymers  is  in  accordance  with  nearly  identical  molecular
weights  of  the  copolymers.  Thus,  diffusion  rates  provide  strong
evidence  that  polymers  with  larger  molecular  weights  were
synthesized  during  the  chain  extension  of  pMPC  chains  with
PEOMEMA.  The  dispersity Ð of  the  diblock  copolymers  is  not
low  but  reasonable,  about  1.3–1.6  (Table  1),  which  is  a  typical
value  for  diblock  copolymers  synthesized  by  RAFT
polymerisation.

1H nuclear magnetic resonance (NMR) spectra of the polymers
are presented in Fig. 4. Characteristic chemical shifts of pMPC in
MeOD-d4  appear  at  4.35,  4.25,  4.10,  3.72,  and  3.33  ppm,  which
are  attributed  to  the  protons  in –O–CH2–CH2–O–P–,  P–O–
CH2–CH2–N–, –O–CH2–CH2–O–P–, –P–O–CH2–CH2–N–,
and –N(CH3)3 groups,  respectively  (curve  1  in Fig.  4).
Characteristic  chemical  shifts  of  p(PEO19MEMA)  in  MeOD-d4
are at 4.14, 3.66, and 3.37 ppm, which are attributed to protons in
–COO–CH2–CH2–O–, –(–O–CH2–CH2–O–)x–,  and –O–CH3
groups,  respectively  (curves  3  and  4  in Fig.  4).  In  the  diblock
copolymers  spectra,  some  chemical  shifts,  attributed  to  different
monomeric  units,  appear  in  close  vicinity  and  partially  overlap
(curves  2  and  3  in Fig.  4).  The  copolymer  composition  was
calculated using the  chemical  shifts  at  3.33  and 3.37  ppm,  which
belong to MPC and PEOMEMA, respectively (inset in Fig. 4). The
composition of the diblock copolymers calculated from 1H NMR
spectra is  presented in Table 1.  Calculation of the length (DP) of
pPEOMEMA  block  was  based  on  SEC  data  of  the  diblock
copolymers  and  pMPC,  also  on  copolymer  compositions
determined  by 1H  NMR  spectroscopy,  and  DP  of  the  first  block
determined by SEC. The DP of the second block (pPEOMEMA)

 

Scheme 1    Synthesis of diblock copolymers pMPC-b-p(PEO19MEMA).
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calculated  by  these  two methods  was  similar  with  slightly  higher
values  obtained  by  NMR.  The  DP  of  the  second  block  was  not
large, ranging from 20 to 40 (Table 1). The DP values lower than
expected  were  predetermined  by  the  relatively  low  conversion
(60–70 mol%) of  PEO19MEMA during the chain extension.  This
observation is consistent with Ref. [66], which discloses obstacled
chain extension by PEO19MEMA units with long PEO chains.

The (co)polymers delivered for tribology tests are presented in
Table 2. The set of polymers includes homopolymers pMPC41 and
p(PEO19MEMA)62,  two  block  copolymers  containing  the
p(PEO19MEMA)  block—one  with  relatively  long  pMPC  block
pMPC41-b-p(PEO19MEMA)12 and  another  with  relatively  short
pMPC  block  pMPC18-b-p(PEO19MEMA)40,  block  copolymer
pMPC41-b-p(PEO9MEMA)17 with  relatively  long  pMPC  block,
and  gradient  copolymer  p(MPC-grad-PEO19MEMA)69.  Synthesis
and  characterization  of  the  gradient  copolymer  are  described  in
our previous publication [59] and in the ESM as well.

3.2  Lubricating  effect  of  the  copolymers  of  MPC  and
PEOMEMA
To determine the proper concentration of MPC and PEOMEMA
copolymers  for  articular  cartilage  lubrication,  the  PDMS–glass
tribological  tests  were  performed  before  cartilage  plug–glass
tribological  measurements. Figure  5 presents  the  results  from
PDMS–glass  system  placed  in  PBS  solutions  containing
copolymers of MPC and PEOMEMA.

Figure 5(a) shows the dependence of the dynamic COF on the
concentration  of  various  MPC–PEOMEMA  copolymers,  and
Fig.  5(b)  compares  COF  values  obtained  at  a  copolymer
concentration  of  0.4  mg/mL.  All  solutions  except  pure  PBS

(control) showed reduced COF when the concentration increased
to  0.4  mg/mL.  PBS  failed  to  lubricate  the  PDMS  and  glass
interface,  which  was  consistent  with  the  results  from  previous
work  [67−69];  the  COF  of  the  PBS  solution  was  rather  stable  at
around 0.413±0.067 (Fig. 5(b)). The best lubrication was provided
by  the  gradient  copolymer  p(MPC-grad-PEO19MEMA)69;  the
COF  at  copolymer  concentration  of  0.4  mg/mL  was  lowered  by
90% to 0.004±0.002. A slightly higher value of COF (0.007±0.002)
was  observed  for  the  diblock  copolymer  with  a  relatively  long
pMPC  block,  pMPC41-b-(PEO19MEMA)12.  The  lubricating  effect
of  the  diblock  copolymer  with  a  relatively  short  pMPC  block,
pMPC18-b-(PEO19MEMA)40, was significantly lower, evidenced by
its much higher value of COF (0.088±0.125). Length of PEO chain
had  little  effect  on  the  lubricating  properties  of  the  copolymers:
replacement  of  the  diblock  copolymer  pMPC41-b-
(PEO19MEMA)12 with  a  diblock  copolymer  of  similar  structure
but with a shorter PEO chain, pMPC41-b-(PEO9MEMA)17,  led to
COF value increasing from 0.007±0.002 to 0.010±0.006. Thus, all
tested copolymers of MPC and PEOMEMA possessed good anti-
friction  properties,  but  the  best  lubrication  was  provided  by
copolymers  containing  a  large  amount  of  MPC  units.  At
copolymer concentrations higher than 0.4 mg/mL, the decrease in
COP was slow and negligible. We chose 0.4 mg/mL as the optimal
copolymer  concentration  for  the  following  osteochondral  plug
lubricating measurements.

Figure  6 presents  the  results  of  dynamic  COF  at  the  cartilage
plug–glass  interface.  The  COF  for  all  the  samples  showed  an
increasing  trend  over  time  (Fig.  6(a)),  especially  for  the  control
(PBS).  This  is  in  accordance  with  the  interstitial  fluid
pressurization  and  weeping  (IFPW)  mechanism  of  cartilage
[7, 70, 71],  the  experimental  proof  of  which  was  provided  by
Caligaris and Ateshian [72] in the form of Eq. (1):

μeff

μeq

= 1− (1−φ)W
p

W
(1)

where φ represents the solid fraction of the contact area; 1–φ is the
water content of cartilage at the articular surface, which is around
0.91  for  a  normal  bovine  cartilage  [73]; WP/W is  defined  as  the
interstitial  fluid load support; μeff and μeq are  the  time-dependent
and  equilibrium  COFs,  respectively.  At  the  start  of  contact,  the
cartilage  is  compressed,  causing  the  release  of  interstitial  fluid  in
the sliding interface. At this stage, all the load is supported by the
fluid, resulting in low COF values. However, as time passes, more
fluid  is  squeezed  out  from  the  interface  between  cartilage  and
glass, and increasing load is carried by solid-solid contact, leading
to an increased COF.  In  the  presence  of  PBS (control),  the  COF
after 450 cycles was observed to be 0.480±0.048.

pMPC,  pPEOMEMA,  and  the  copolymers  used  in  this  study

 

Fig. 3    SEC  elution  curves  of  the  reaction  mixtures  taken  after  8  h  of  RAFT
polymerization  of  (1)  MPC  and  24  h  of  chain  extension  of  pMPC  with  (2)
PEO9MEMA and (3, 4) PEO19MEMA.

 

Table 1    Characteristics  of  the  diblock  copolymers  of  MPC  and  PEOMEMA. Ð is  dispersity  index  of  a  (co)polymer  and  DP  is  degree  of  polymerization  in
corresponding block

Diblock copolymer [PEOMEMA]/
[CTA]

Composition,
MPC (mol%) Mn (kDa) Ð DP1,

first block
DP2, second block,

SEC
DP2, second block,

NMR

pMPC-b-p(PEO19MEMA)

100 34.6 64.0 1.55 27 51 56
60 31.0 47.6 1.57 18 40 43
50 51.9 39.3 1.53 27 25 23
40 54.0 36.9 1.41 27 23 26
20 77.4 31.8 1.33 41 12 14

pMPC-b-p(PEO9MEMA)
60 12.2 75.1 1.43 18 72 67
40 40.9 34.8 1.53 27 39 43
20 70.7 31.5 1.38 41 17 25
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are  expected  neither  to  interfere  with  the  fluid  pressurization  in
the cartilage nor with the weeping of the fluid from the cartilage.
Since all of these are surface-active molecules, we can expect them
to  show  an  effect  when  there  is  substantial  solid–solid  contact
between cartilage and glass, i.e., in the later period of sliding. The
COF  values  of  pMPC41 and  p(PEO19MEMA)62 after  450  cycles
were 0.251±0.103 and 0.274±0.014, respectively, which are almost
half  as  compared to  the  control  situation (PBS).  The  rather  high
COF  value  of  p(PEO19MEMA)62 is  in  accord  with  previous
observations  [37]  that  neutral  brushes  of  poly(ethylene  oxide)  in
aqueous  media  provide  rather  weak  lubrication.  pMPC  attached
to surfaces usually provides excellent lubrication (is  characterized
by  very  low  COF  value)  [42].  On  the  other  hand,  pMPC
homopolymer,  dissolved  in  water  and  in  aqueous  PBS  or  NaCl
solutions,  even  at  high  polymer  concentrations,  demonstrates
satisfactory but not particularly good lubrication [74].

Exclusively  good  lubrication  of  cartilage  was  provided  by  the

copolymers  p(MPC-grad-PEO19MEMA)69 and  pMPC41-b-
p(PEO19MEMA)12;  no  increase  in  COF  was  observed  after  450
cycles  as  the  COF  at  the  end  increased  only  to  0.072±0.007  and
0.057±0.021,  respectively.  These  values  were  85% and 88% lower
than  that  in  the  control  test  (PBS,  0.480±0.048).  Thus,  a  clear
synergistic  lubrication  effect  of  MPC  and  PEO  segments  in  the
copolymers is demonstrated.

The  best  lubrication,  both  between  PDMS–glass  and
cartilage–glass, was provided by the diblock copolymer pMPC41-b-
p(PEO19MEMA)12 and  gradient  copolymer  p(MPC-grad-
PEO19MEMA)69.  Both  copolymers  are  rich  in  MPC  units  and
contain  long  PEO  side  chains.  One  should  note  that  the
copolymer  p(MPC-grad-PEO19MEMA)69 possesses  a  strongly
expressed gradient  microstructure  [59],  which means  that  at  one
end,  polymer  molecules  are  rich  in  MPC  units  and  at  the  other
end in PEO19MEMA units. In other words, the microstructure of
the  copolymer  p(MPC-grad-PEO19MEMA)69 somewhat

 

Fig. 4    1H  NMR  spectra  of  pMPC41 (1),  p(PEO19MEMA)62 (2),  pMPC41-b-p(PEO9MEMA)17 (3),  and  pMPC41-b-p(PEO19MEMA)12 in  MeOD-d4  (4).  Inset  top
right—expanded region of pMPC41-b-p(PEO9MEMA)17 spectrum at 3.2–3.5 ppm.

 

Table 2    Characteristics  of  the  (co)polymers  of  MPC  and  PEOMEMA  used  in  tribology  tests. Ð is  dispersity  index  of  a  (co)polymer  and  DP  is  degree  of
polymerization in corresponding block

(Co)polymer Copolymer composition, MPC (mol%) Mn from SEC (kDa) Ð DP
pMPC41 100 23.3 1.10 41

p(PEO19MEMA)62 0 59.1 1.37 62
pMPC41-b-p(PEO19MEMA)12 77.4 31.8 1.33 41+12
pMPC18-b-p(PEO19MEMA)40 31.0 47.6 1.57 18+40
pMPC41-b-p(PEO9MEMA)17 70.7 31.5 1.38 41+17

p(MPC-grad-PEO19MEMA)69 59.8 49.9 1.41 69

9441095-6 Jurkūnas M, Ren K, Klimkevičius V, et al.

Friction, 2025, 13(10): 9441095
 



resembles  that  of  the  diblock  copolymer  pMPC41-b-
p(PEO19MEMA)12.  We  suppose  the  exclusively  good  lubricating
behaviour  of  these  two  copolymers  depends  on  several  factors,
including  a  sufficient  amount  of  MPC  units  and  similar
macromolecules microstructures.

Trying to answer the question why the lubricating effect of the
diblock  and  gradient  copolymers  of  MPC  and  PEO19MEMA  is
significantly  larger  compared  to  that  of  the  corresponding
homopolymers  pMPC  and  p(PEO19MEMA),  we  should  refer  to
the  lubrication  mechanisms  of  these  polymers  and  their
possibilities to adsorb on contacting surfaces. Excellent lubricating
properties  of  MPC  polymers  are  explained  by  hydration
lubrication, according to which water molecules within hydration
shells  surrounding  zwitterionic  groups  are  firmly  attached  but
remain highly fluid, thus serving as efficient lubricating layers [37].
It  is  important  to  note  that  excellent  lubrication  is  provided  by
pMPC  brushes  [16, 42],  rather  than  pMPC  homopolymer  [74].
pMPC molecules are neutral (phosphate and ammonium groups
form  an  inner  salt  [40])  and  likely  have  low  affinity  to  the
negatively  charged  glass  surface.  Such  assumption  is  based  on
recent  findings  that  internal  phosphoryl  groups  of  pMPC  are
partially  (ca.  10%)  protonated  [75].  Lubrication  by  PEOMEMA
brush  polymers  arises  from  the  steric  repulsive  forces  between

polymer  chains  and  water  molecules,  which  maintain  a  thin
lubricating  fluid  layer  at  the  interfacial  region  between  sliding
surfaces  [48].  It  is  known  that  pPEOMEMA  homopolymer  can
interact  with  the  silica  surface  through  side  chain  segments  that
form hydrogen bonds [76]. The stronger adsorption of the bottle-
brush polymer compared to PEO homopolymer is attributed to its
higher surface affinity and smaller loss of conformational entropy
during adsorption.

Although  the  question  still  remains  as  to  why  diblock  and
gradient  copolymers  of  MPC  and  PEO19MEMA  perform  better
than  the  corresponding  homopolymers  pMPC  and
p(PEO19MEMA).  Based  on  information  presented  above,  we
hypothesise  that  p(PEO19MEMA)  blocks  help  orient  and  order
pMPC  blocks  through  mild  interaction  with  the  surface
(Scheme  2),  and  more  ordered  pMPC  blocks  resemble  polymer
brushes.  Likely,  diblock  copolymers  initially  adsorb  preferentially
parallel to the surface, with both the pMPC block and the bottle-
brush  p(PEO19MEMA)  block  in  contact  with  the  surface.
However,  as  adsorption  proceeds,  because  of  the  higher  surface
affinity,  PEO19MEMA  segments  replace  MPC  segments  at  the
surface (Scheme 2), resulting in a transformation of ordered layer
structure.  During this  transformation,  PEO chains  accumulate  at
the  surface,  and  pMPC  chains  extend  away  from  the  surface.

 

Fig. 5    Dynamic  COF  of  PDMS–glass  in  PBS  solutions  of  MPC  and  PEOMEMA  copolymers.  (a)  COF  as  a  function  of  copolymer  concentration;  (b)  COF  at  a
copolymer concentration of 0.4 mg/mL in PBS solution. The error bars show the standard deviation (n = 3); *p < 0.5 compared with control group.

 

Fig. 6    Dynamic  COF  of  cartilage–glass  in  PBS  solutions  of  pMPC41,  p(PEO19MEMA)62,  and  copolymers  pMPC41-b-p(PEO19MEMA)12 and  p(MPC-grad-
PEO19MEMA)69 at a concentration of 0.4 mg/mL: (a) COF as a function of cycle number; (b) COF at cycle number 450. The error bars show the standard deviation
(n = 3); *p < 0.5 compared with control group.
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Thus, it is expected that brush-like layers of pMPC are formed on
surfaces,  providing  hydration  lubrication.  Furthermore,  a  water
layer  between  pMPC  block  and  p(PEO19MEMA)  block  (from
different  macromolecules)  is  possibly  thicker  than  that  between
two  pMPC  blocks  or  two  p(PEO19MEMA)  blocks,  which
enhances the lubricating effect.

A  conceptual  illustration  explaining  the  mechanism  of
lubrication  by  diblock  and  gradient  copolymers  of  MPC  and
PEO19MEMA is presented in Scheme 2.

The  boundary  lubrication  of  healthy  cartilage  is  presently
attributed  to  either  steric  repulsion  provided  by  proteoglycan  4
(PRG4)  (lubricin)  or  hydration  lubrication  provided  by  the
phosphorylcholine groups of surface-active phospholipids (SAPL).
Both  molecules  adsorb  on  the  cartilage  surface  in  the  form  of
lamina splendens [33, 77−79]. Our results indicate that synergistic
interactions between PRG4 and SAPL molecules may be necessary
to  provide  excellent  boundary  lubrication  of  healthy  cartilage
in vivo.

4  Conclusions
Hydrophilic  diblock  brush  copolymers  containing  both
phosphorylcholine groups and PEO side chains were synthesized
by successive RAFT polymerization of the zwitterionic monomer
MPC  and  PEO-containing  macromonomer  PEOMEMA.  The
dispersity of the first block of pMPC was very low (Ð ≤ 1.1), while
the  dispersity  of  the  diblock  copolymers  was  moderate,  typically
1.3–1.6.  The  degree  of  polymerization  of  the  second  block  was
controllable and varied between 10 and 70.

The  lubricating  effect  of  several  diblock  copolymers  and  one
gradient  copolymer  of  MPC  and  PEOMEMA  was  evaluated  by
tribological  measurements  in  PDMS–glass  and  cartilage–glass
systems  placed  in  PBS  solutions  of  the  polymers.  All  tested
copolymers of MPC and PEOMEMA possessed good anti-friction
properties,  with  the  best  lubrication  provided  by  the  diblock
copolymer with a relatively long pMPC block and the copolymer
of  gradient  structure.  The  average  dynamic  COF  in  the
PDMS–glass system at a gradient copolymer concentration of 0.4
mg/mL was only 0.004±0.002, while that of the diblock copolymer
at  the  same  concentration  was  0.007±0.002.  The  COF  values  of
these copolymers in the cartilage–glass  system after  450 cycles  of
sliding  motion  were  0.072±0.007  and  0.057±0.021,  respectively,
which  is  much  lower  than  those  of  the  corresponding
homopolymers  pMPC  and  p(PEO19MEMA).  The  significantly
larger lubricating effect of the diblock and gradient copolymers of
MPC  and  PEOMEMA  compared  to  the  homopolymers  is
attributed  to  higher  surface  affinity  of  PEOMEMA  segments,

which promotes preferential surface interaction and forms brush-
like layers of pMPC that provide hydration lubrication.
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