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ABSTRACT We present a study focused on characterizing the interaction forces between mica
surfaces across solutions containing star-shaped polymers with cationic ends. Using the Surface
Forces Apparatus, we show that the interaction forces in pure water between surfaces covered
with the polymer can be adequately described by the dendronized brush model. In that
framework, our experimental data suggest that the number of branches adsorbed at the surface
decreases as the concentration of polymer in the adsorbing solution increases. The onset of
interaction was also shown to increase with the concentration of polymer in solution up to
distances much larger that the contour length of the polymer suggesting that the nanostructure of
the polymer film is significantly different from a monolayer. High compression of the polymer
film adsorbed at low polymer concentration revealed the appearance of a highly structured
hydration layer underneath the polymer layer. The results support that charged polymer chains
do not necessarily come into close contact with the surface even if strong electrostatic interaction
is present. Altogether, our results provide a comprehensive understanding of the interfacial
behavior of star-shaped polymers and revealed the unexpected role of hydration water in the

control of the polymer conformation.



Introduction

Modification of interfacial properties of surfaces with adsorbed polymers is a well established
strategy used in many different application fields.! Several decades of research have shown that
polymer conformation at surfaces is an essential parameter controlling interfacial properties such
as wettability,”” friction,* adhesion,” topography.® Polymer conformation can be tuned in many
different ways using surface chemistry or polymer chemistry. For example, grafting of polymer
chains at a surface can produce strongly attached polymer brushes, loops or even gels.” The
polymer composition can been modified to introduce stimuli responsive moieties to obtain
instructive / responsive molecularly thin coatings.® Physically adsorbed polymers have been

widely used in adhesion and lubrication technology, antifouling and tissue engineering.’

To cite only a few example of these technologies we can mention the use of grafted polymer
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brushes to reduce friction, = to create stimuli responsive thin-film devices

or to develop
fouling resistant substrates.”> Self-adsorbed polymers such as tribloc polymers, have been
suggested as adhesive polymers and friction reducing coatings as well.'* Large molecular weight

polymer are often used to create biomimetic microcellular environments,”” a useful strategy in

the design of bio - sensors/ detectors'® and microfluidic analysis platforms'’.

Besides the vast number of study demonstrating the versatility of polymers in tuning interfacial
properties, these have been mostly been focused on linear polymer chains rather than more
complex polymer architectures such as dendritic, comb-like or even ring polymers. A few recent
examples using dendritic polymer coatings as antifouling coating have demonstrated that
complex architectures can provide superior interfacial properties compared to all linear

polymers.'”



Complex polymeric architectures are abundantly found in nature, especially in proteins and are
known to provide very specific properties to them. For example, proteins found in articular joints
exhibiting the bottle brush architecture are known to be excellent lubricants.””> Many
transmembrane proteins and lipids exhibit dendritic glycosylated moieties at their surface which
are known to modulate ligand-receptors interactions.”* These few examples suggest that polymer
architecture is an important factor that can be used in engineered systems to control polymer

conformation and interfacial properties of surfaces.

In the present study, we focused on the interfacial properties of star-shaped polymers bearing
adhesive blocks at the extremities of their arms. Star-shaped polymers have demonstrated

interesting properties as drug delivery systems>°

and they offer interesting possibilities in
hydrogel design ?’. Since their behavior at solid-liquid interfaces is largely unknown, we used the
Surface Forces Apparatus to characterize the interaction forces between two apposing surfaces
functionalized with such polymers. The polymers were self-adsorbed onto the surfaces, and their
conformation was monitored at different surface concentrations. The analysis of the results has
allowed to unravel the large variety of conformational changes exhibited by our system and has

identified a key role of water in the molecular mechanism involved in the polymer-substrate

interaction.



Materials and method

Materials. Ruby Mica blocks (Grade I V-1) were purchased from SJ Trading, USA. Pure water
was obtained from a Millipore purification system (Synthesis A10) equipped with a Quantum
EX purification column. All the polymers used in the present study were synthesized and

characterized in a previous report.”®

Methods. Interaction forces were measured in a Surface Forces Apparatus (SFA 2000, Surforce,
LLC). Prior to the study, the apparatus was passivated by immersion in concentrated nitric acid
for 24 h and extensive rinsing with pure water. Surfaces were prepared as previously reported *-
3%, Briefly, two back-silvered mica pieces (2.5 pm thick) were glued (silvered face down) on
cylindrical glass disks with thermoset glue Epon® 1004. After positioning the surfaces in a cross
configuration in the SFA, the measurement chamber was purged with argon for 15 minutes.
After purging, the surfaces were brought to adhesive contact in order to quantify the mica
thickness. To do so, a white light beam is directed through the surfaces and the interference
fringes (also called fringes of equal chromatic order, FECO) are recorder in a spectrophotometer
(Shamrock® 500, Andor, USA) equipped with a CMOS camera (Zyla, Andor, USA). Once the
FECO analysis is performed 31 the surfaces are separated again and 25 pL of polymer solution is
delicately introduced between them. After an equilibration time of 1 h, the surfaces a brought
together and force measurements are performed as already reported ** using a motor controlled

displacement system allowing for the displacement speed to be as low as 0.3 nm/s.

To change the concentration of polymer in the solution or to rinse the surfaces, the injected
solution was carefully sucked out using a 1 mL tuberculine syringe (BD syringe) and replaced by
25 uL of new solution or pure water. This procedure was repeated six times before equilibrating

again for one hour.



Results and discussion

Polymers' characteristics in solution.

The polymers used in the present study are described in Figure 1. The core of the star-shaped
polymer is constituted of cholic acid (CA). In its native form, cholic acid is known to be
amphiphilic with a critical micellar concentration around 10 to 16 mM in water at 25 °C**. The
facial amphiphily of CA is provided by the preferential orientation of the three hydroxyl groups
and the carboxylic function surrounding its cholane core. Cholane precursor with four hydroxyl
groups ((2-hydroxylethylene)-3a,7a,12a-trihydroxy-5p-cholanoamide) was used to prepare 4
arms block copolymers CA(EG,-b-AGE,))s by sequence anionic polymerization of ethylene
oxide (EG) and allyl glycidyl ether (AGE). Size exclusion chromatography (SEC) confirmed
narrow distribution and "H NMR  spectroscopy confirmed the degree of polymerization of both
block and the success of the addition of cysteamine by thiolene click chemistry (e.i CA(EG,-b-
AGE,-NH,)s . In the present study, a fourth hydroxyl group was introduced in the structure via
the conjugation of ethanol amine to the carboxylic function present in CA creating a fourth
hydroxyl initiation site. The anionic polymerization process allows to obtain highly

monodisperse precursors CA(EG,-b—AGE,,)s with PDI < 1,11 (see Table 1).

Table 1. Summary of the physical properties of the polymers used”®

Mn (g/mol) Mn (g/mol) EGper Amine group Contour length CAC mM
SEC (PDI) NMR'H arm per arm of 1 arm (nm)
CA(EGys-b-AGE ), 12,140 (1.11) 28
CA(EGys-b-AGE,-NH,),4 13 500 28 11 10.2 0.82
CA(EG;-b-AGE )4 10,100 (1.06) 21
CA(EG,;-b-AGE,-NH,),4 12 900 21 11 7.6 0.47
CA(EG,-b-AGE )4 8680 (1.07) 11
CA(EG-b-AGE,-NH,)4 11 800 11 11 4.0 0.40

Post-functionalisation of the allyl functional groups lead to eleven terminal amino groups on

each branch. In a previous report®*, we showed that the amine functions have a pKa = 8.5 (+0.2)



for all the CA(EG,-b-AGE,-NH,), in water. Therefore, we expect these functional groups to be
fully protonated at pH below 7.5 at room temperature. Three polymers, with different numbers of

EG units per arm were chosen and studied using the Surface Forces Apparatus (SFA).
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Figure 1. A) Generic chemical structure of the different polymers used in the present
study. B) Schematic representation of the two different experimental configurations
used during the measurements of the interaction forces across polymer solutions.
The upper configuration corresponds to the surfaces interacting across a solution of
free and adsorbed polymer solution while in the lower configuration, the surfaces
were extensively rinsed with pure water to leave only adsorbed polymer on the
surfaces.

General features of the interaction forces measured across solutions of star-shaped polymers
We performed a series of interaction force measurements between mica surfaces in presence of
the different polymers at three concentrations, C,,. The interaction force /* was normalized by the

surface radius so the data could be interpreted in terms of interaction energy, W, via the

Derjaguin approximation (F = 2nRW, W being the interaction energy between two flat



surfaces).** At each C,, the interaction forces were measured first across the polymer solution
and a second time across pure water (after removing the polymer solution and rinsing abundantly
the surfaces with pure water) at the same contact (see figure 1B). In Fig. 2, we show the different
force laws, also called force profiles (F/R vs separation distance D) before and after rinsing the
surfaces, obtained on approach only. For all three polymers, at C, = 2 ug/mL, the force profiles
exhibited two different regimes: a long range, exponentially decaying interaction regime, and a
shorter range, sharply decaying regime presenting occasional instabilities. Such behavior was
observed systematically under rinsed conditions and happened only for the highest molecular
weight polymer in non-rinsed conditions. The short-range part of the force profiles was
characterized by a steep increase of the interaction forces until an abrupt "jump-in" transition
occurred (indicated as "squeeze out" in Figure 2). As will be explained later, this first jump-in
transition can be ascribed to a conformational change of the confined polymer chains. Further
compression of the surfaces led to the occurrence of other similar transitions of smaller

magnitude, which will be discussed below.

An increase in C,, led to a systematic increase of the onset of the interaction forces indicating that
the forces were largely dominated by the compression of the polymer layers (Figure 2).
Interaction forces measured after rinsing the surfaces were systematically weaker compared to
those measured across the corresponding polymer solution, indicating that weakly adsorbed

polymer chains have been washed off the surfaces during the rinsing process.

It is interesting to note that at C, > 2ug/mL, the interaction force profile exhibited a single

exponential decay for the low molecular weight polymer and evolved towards a two exponential



decay for the higher molecular weight polymers. We will see that these gradual changes in the

force law are reminiscent of a change in the inner structure of the adsorbed polymer film.
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Figure 2. A-C) Interaction forces measured across solutions of a star-shaped polymer (filled
symbols) and across water after rinsing the surfaces (open symbols) for all three polymers tested.
The long-range portion of the force profile corresponds to the overlapping of the electrostatic
double layers, while the short range portion is indicative of the compression of the polymer and
the hydration layers.



Analysis of the electrosteric forces under rinsed conditions

Given the complexity of the polymers' architecture and the large number of possible
conformations these can adopt at the surfaces, certain assumptions had to be made in order to
analyse the force profiles shown in Figures 2. In what follows, we analyzed the experimental
data obtained after rinsing only.

In pure water, the amine groups positioned at the end of each branch were expected to be
positively charged (at least in the range of C, this study was performed) and therefore to interact
strongly with the negatively charged mica surface. At low surface coverage (low C,), the
polymer was expected to interact with the surface via his four branches forming a loop. Some
chains will certainly have only three or two branches adsorbed at the surface leaving the other
one or two dangling in the medium. As C, increases, adsorption sites were gradually becoming
scarcer leaving the polymer chains to interact with the substrate via fewer branches. At high
surface coverage, adsorbing chains would be expected to interact with the surface via one branch

only adopting a "flower-like" conformation. This last conformation has been extensively studied

19, 35-36 37-39

experimentally and especially theoretically”~". The so-called dendronized end- grafted
brushes have been shown to provide significantly more stability to colloidal particles compared
to linear brushes’® and have also demonstrated far superior anti-fouling capacity compared to
their linear equivalent'. Theoretical models describing the conformation and interactions of
dendronized brushes have matured during the past few years*’. As for their linear equivalent,
these models use the scaling law approach to derive the free energy per macromolecule at the
surface. In this framework, the free energy of the brush, £, is the sum of the repulsive excluded

volume interaction between monomer units forming the brush and the conformational entropy of

the brush. The interaction forces measured with the SFA are related to the interaction energy

10



between the surfaces, 7, and to the brush free energy £ via the Derjaguin approximation which

34
reads”":

% = 2nW (D) = 2aT[E(D) — E(H)] (1)

where /7 is the polymer surface coverage. An expression of the interaction energy between
surfaces bearing dendronized brushes was proposed by Borisov*:

KO~ 1% g (i) [(%)2 -LR) 42 @

E(H) _ 9 k* HS
kpT 20 va’

with

where H is the brush thickness, a is the segment length, v is the dimensionless second virial

-1 -12
q

coefficient and k = n (n being the branch length and ¢ the number of non adsorbed

branches).

At low C,, since the force profiles presented a two exponential decay, we used Eq. 2 to analyze
the short range part of the force profiles and the Derjaguin Landau Verwey Overbeeck (DLVO)
theory for the long range part. Indeed, we noticed that the characteristic decay length of the long
range forces was close to the value measured in pure water (Table 2), therefore we concluded
that this portion of the force profile was due to electrostatic interactions only. The interaction

force law can be written as *':
W = Wgs + Wyaw 3)

where

11



Wyaw = ——3 (4)
2
CP: Wys = 2608, 22 [1+ e /2] (5)
2
CC: Wgs = —Zeosr%ln [1 — e_D//l] (6)

where Wgg and W,qw are the electrostatic and van der Walls contributions to the total interaction
energy, Ay is the Hamaker constant (equal to 2.2 x 102 J for mica in water), 1, is the surface
potential and A is the Debye length. Equation (5) and (6) are derived using the constant potential
(CP) or constant charge (CC) boundary condition. Previous experiments have shown that
interaction forces between mica surfaces in pure water follow more closely the CC condition **
#2 at short separation distances. Our experiments described a similar behaviour at low G, (see

Figure 3A).

At higher C,, when only a single exponential decay was observed, Eq. 2 was used to fit the force
runs. In figure 3A, we showed a typical fitting for the polymer CA(EGas-b-AGE NH»)4 at C, =

2 pg/mL.

The fitted values of the surface potential and Debye length are given in Table 2. As a reference,
we measured the interaction forces between two mica surfaces in pure water only. The obtained
Debye length was A ~ 55 nm, which was significantly smaller than the expected theoretical value
for pure water (around 960 nm). Purified water has a pH = 5.8, corresponding to an equivalent
concentration of 1:1 electrolyte of 3.6 x 10°® M which gives a decay length of 160 nm. The
effective ion concentration in pure water calculated using A ~ 55 nm was 3.0 x 10 M, which

was well above the predicted value. The main reason for this difference is the presence of

12



background electrolytes that were introduced by the polymer itself besides extensive dialysis. At
low C,, the long-range decay length in presence of polymer chains at the surfaces only (after
rinsing) was slightly smaller than pure water as shown in Table 2. This could be explained by
small variations in electrolyte concentration in the medium (due to the presence of small amount

of free polymer for example).

Table 2. Fitted parameters obtained using equations Eq. 2-6

EG units G Debye length Surface potential Brush heigt H Number of non
per [ng/ml] A [nm] Yo [mV] [nm] adsorbed branches, ¢
branch 0

0 55 -172 - -
2 21.5 -95 5.2 1
11 20 5 -73 15 3
200 - - 29.5 3
2 41 -147 4.8 1
21 20 25 -43 15 2
200 - - 40 3
2 25 -85 5 1
28 20 25 =70 5 2
200 14 -120 11 3

Analysis of the steric contribution

In Table 2 we summarized the results of the fittings using Eq. 2 for the most important
parameters, namely the number of non-adsorbed branches ¢, and the brush height H. We clearly
see that as C, increases from 2 to 200 ug/mL, the dendronized brush model predicts that the
number of non-adsorbed branches as well as the brush height increase, independently of the
molecular weight of the branches (Fig. 3B). At C, = 200 pg/mL, the values obtained for the
brush height H were significantly larger than the size of any of the tested polymers (see Table 2)
suggesting that the polymer layer structure was composed of more than one monolayer besides

the extensive rinsing. The adsorbed polymer film was most likely constituted of polymer

13



aggregates strongly adsorbed on the mica substrate (see schematic in Fig. 3B). The cohesive
interactions mediating the aggregation of the polymers involved the hydrophobic attraction

between the CA cores of the polymers.
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Figure 3. A) Interfacial structuring of the adsorbed polymer layer on mica. Interaction forces
(measured at 2 pg/mL) confirmed the presence of an electrostatic double layer (EDL)
superimposed with a polymer layer. A third layer of structured hydration water is also evident
below D =3 nm. B) The evolution of the polymer layer thickness with the number of EG units
per branch of polymer shows a strong increase with concentration, especially for the smallest

polymers. As illustrated in C), such increase in layer thickness indicates the aggregation of the
smallest polymers at the surface.

It is interesting to note that the onset of the interaction forces measured at C, = 200 ug/mL,
which is equal to 2H, is smaller for large M,, branches compared to smaller branches (see Figure
3B). Such trend suggests that the size of the polymer aggregates might be larger for the low
molecular weight macromolecules. Previous report® have shown that the critical aggregation
concentration, CAC, of the polymers increases as the molecular weight of the polymer increases
(see Table 1). Such observation suggests that the large increment in the onset of interaction
observed for the smallest polymers is due to the formation of large micellar aggregates. It is

important to note that the values of the CAC reported in Table 1 were obtained in solution by

14



viscosimetry analyses and were significantly higher than the concentrations of the tested
solutions in the SFA. The aggregation of the star-shaped polymer observed in the SFA
experiments was therefore induced by the first layer of polymer adsorbed on the surfaces which

acted as a nucleation site for the aggregation process.

Analysis of the hydration forces

As we have seen, at high C,, the measured interaction forces were largely dominated by the
compression of the polymer layers adsorbed on the substrates. On the other hand, at low C, (= 2
pg/mL), we noticed that for all the tested polymers, the interaction forces also presented regular
instabilities appearing as sudden variations in D. More precisely, at D = 2.5-4.5 nm, a first
abrupt jump of D at almost constant force F/R = 1-2 mN/m was systematically observed (Figure
2 and 3A). Such an instability is indicative of a sudden squeeze out of the polymer from the
contact leaving the interaction area empty of polymer chains. The size of this sudden distance
jump was AD = 1.5-2.5 nm, which is close to the expected theoretical value of the radius of
gyration Rg of the polymer (~ 2.7-3.8 nm depending on the branch M,)*. As shown in Figure
2B, interaction forces measured before the squeeze out of the polymer layers (D > 5 nm) were
systematically found to be repulsive (F/R > 0) and reversible. After the squeeze out of the
polymer layer (which occurred only at C, = 2 pg/mL for the range of applied forces used in this
study), the interaction forces measured were not reversible anymore. Instead, strong adhesion
minima were found to appear upon separation of the surfaces whose magnitude was strongly
dependent upon the minimum separation distance / highest force applied (see Fig. S1). Such
drastic change in the behavior of the interaction forces was accompanied by the appearance of
small instabilities, similar to those observed during the squeeze out of the polymer except in

smaller magnitude (AD = 0.25 nm). Since no polymer chains were present in the contact, this

15



force regime corresponds to the compression of the mica hydration layers. As shown in Figure
4A and B, the length of the polymers' branches did not modify significantly the appearance of

this regime.
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Figure 4. A) Interaction forces measured between 0-3 nm in presence of the star-shaped
polymers (2 pg/mL). The step-like form of the force profile matches very closely the oscillatory
force profile observed for pure hydration forces represented by the black line. B) Schematic
representation of the solid-liquid interface with an adsorbed polymer chain. The positively
charged extremity of the polymer branches seats on multiple layers of water molecules strongly
anchored to the substrate.

Superposition of the force profiles measured after rinsing the surfaces (e.g range of 0 to 3 nm),
with a previous report on hydration forces between mica surface, suggested similarities in the
position of the instabilities measurement and the oscillatory profile obtained with water by
Israelachvili and Pashley® (Figure 4A). The figure shows remarkable similarities in the position
of the instabilities measured in our system and the oscillatory force profiles obtained with water.
These similarities suggest that the observed instabilities are due to the layering of water

molecules at the mica surfaces, phenomena that has been shown to be induced by the presence of

positively charged ions adsorbed at the surfaces **. As illustrated in figure 4B, our results imply
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that the adsorbed polymer chains were not in direct molecular contact with the substrate but
rather interacted indirectly with it through the highly ordered layers of immobilized water
molecules.

These results echoes similar observations we recently reported with hyaluronic acid adsorption
on mica surfaces”. HA is a negatively charged polyelectrolyte, which adsorbs on mica in a
relatively short time when its molecular weight M,, is about 10 kDa. Given that the polymer is
negatively charged in water, same as mica, the attraction between the polymer to the surface was
expected to be mediated by hydrogen bonding. At low ionic strength, HA was found to adsorb
strongly on the surfaces while its adsorption was dramatically hampered by increasing the salt
concentration and even totally eliminated at a salt concentration of 1.5 M. The decrease of HA
adsorption was correlated with the appearance of a 2-3 nm thick hydration layer composed of
multiple layers of water molecules at the solid-liquid interface.

The role of surface hydration layers has been overlooked in adsorption studies of polymers and
especially for polyelectrolytes. In the case of oppositely charged polyelectrolytes and surfaces, it
is well established that the driving force leading to adsorption is the electrostatic attraction
between the surface adsorption site and the ionized monomer.**” The ionic strength of the
medium has been shown to screen this interaction and therefore to decrease the amount of
adsorbed polymer and concomitantly to increase the thickness of the adsorbed 1ayer.47'48 The
energy of interaction between a positively charged monomer belonging to an adsorbed chain and
a charged surface can be calculated as £ = N, A62 od/(2€0e;) where Ny is the Avogadro number, e
the electron charge, o the surface charge density, d the average distance between adsorbed chains
(1-10 nm), and g( and ¢ the dielectric constant of the vacuum and hydration layer respectively.49

For the calculation, the surface charge density was estimated considering the Graham

17



approximation using an average surface potential of 100 mV and a dielectric constant
& = 6 (corresponding to strongly adsorbed water molecules). In this framework, the interaction
energy of a single charged monomer with the surface was ~ -1 to -20 kT. Close molecular
contact of the monomer with the surface also implied partial dehydration of the monomer which,
in the case of protonated amines groups represents a ~ 25 kT energy penalty per water molecule.
In addition, the Born energy transfer of a monomer from bulk water to a hydrated, structured
layer of water represented a ~ 30 kT additional energetic penalty. This back of the envelope
calculation demonstrated that penetration of a monomer into the hydration layer was overall not
energetically favorable even though experimental measurements of the interaction energy of
charged amine groups to mica were still missing to refine this analysis. The electrostatic
interaction energy of an amine group adsorbed on top of a hydration layer is much weaker but is
compensated by hydrogen bonds between the amine and immobilized water molecules (~ 4 - 10

kT per bond).

CONCLUSION

The present study confirms that polymer adsorption to hydrated surfaces can be mediated by
layers of strongly adsorbed water molecules. We can easily anticipate that the structure of such
layers is critical in determining the stability and strength of the polymer chain adsorption and
conformation. These results also suggested that polymer conformation and adsorption to a
surface can be finely engineered via the structuring of the surface hydration layer. Recent reports
have demonstrated that certain combinations of functional groups are significantly more efficient

to locally break the surface hydration layer facilitating the close contact of molecules with the
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surface's atoms.”® Our observations suggested that a similar approach could be used to design

polymers exhibiting chaotropic or cosmotropic properties towards hydrated surfaces.
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Fig. S1 Force profiles performed at different maximum applied force across a
solution of CA[EG10AGE11NH2]4 at 2 pg/mL. In this graph, we can see that in the
long range portion of the interaction profile, the in and out profiles are
superimposed while once the short range force profile region is reached, strong
adhesion 1is observed during the separation of the surfaces. Closed symbols
correspond to in run profiles and open symbols to out run profiles.
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