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Abstract

Protein adsorption is the first step when a solid surface gets in contact with a biological fluid, and
its effect can be either beneficial or detrimental. The control of this phenomenon has important im-
plications in biomaterials science, biofouling, food industry or biosensors. Surface modification with
stimuli-responsive polymer brushes offers promising perspectives to control protein adsorption. Thin
coatings of these «smart materials» can indeed be chemically modified in a certain biological aim, such
as to stimulate the adsorption or the desorption of proteins. This study aims at developing mixed
polymer brushes sensitive to the ionic strength and the pH of the surrounding medium, in order to
tune their properties toward selective protein adsorption from a mixture, such as human blood plasma

containing serum albumin, globulins and fibrinogen.

In this study, complex stimuli-responsive polymer brushes were developed, composed of poly(2-(di-
methylamine)ethyl methacrylate) (PDMAEMA) and poly(ethylene oxide) (PEO), according to the
«grafting to» approach on a gold substrate. PDMAEMA is a weak positively-charged polyelectrolyte
at pH 7.4 and PEO is a neutral protein-repellent polymer.

First, the coated polymer brushes were characterized using X-ray photoelectron spectroscopy (XPS),
time-of-flight secondary ion mass spectrometry (ToF-SIMS), atomic force microscopy (AFM), water
contact angle and streaming potential measurements, and revealed the presence of both polymers on

the surface.

Protein adsorption was then studied at biological pH 7.4 and ionic strength 1073M, using quartz crys-
tal microbalance (QCM). Desorption was carried out by rinsing with a sodium chloride solution at
pH 9.0 and ionic strength 0.15M. The switchable behavior of the polymer brushes depending on the

conditions allowed to demonstrate partial reversibility of protein adsorption.

Adsorption of mixed protein solutions was then studied by ToF-SIMS using principal component anal-
ysis (PCA), in order to identify the adsorbed proteins and to investigate the selectivity of polymer
brushes. Adsorption from solutions of human serum albumin (HSA), fibrinogen (Fb), lysozyme (Lys)
and/or avidin (Avi) was studied and discussed. PCA revealed selective adsorption of HSA from an
HSA/Avi solution.

The obtained results showed that polymer brushes exhibit promising properties towards the control of

protein adsorption, and offer many perspectives in biomaterials science and bioengineering.
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Introduction



1 | State of the art

1.1 Context of the study

Proteins play a key role in biomaterials science. When biomedical devices are immersed into biological
fluids, proteins immediately and uncontrollably adsorb onto the device surface. It is important for the
integration of prostheses by the body, immunological tests, and drug delivery devices. However, in the
case of bioimplants, it may also lead to their failure. Protein adsorption also occurs in biotechnological,
agricultural and various industrial applications, where it leads to degradation and failure of devices.
There is a high demand for a simple, inexpensive approach of modifying surfaces for controllable per-

formances toward protein adsorption, and many scientists rose to this challenge.

Polymers at interfaces have fascinated physicists and chemists for more than half a century. Highly
flexible hydrophilic polymers were investigated, as well as hydrophobic surfaces on the contrary, to
control protein adsorption on surfaces through their wetting properties. Hydrogels releasing biocidal
agents were also used to prevent fouling by proteins, until several associated environmental issues were
pointed out. Novel approaches focused on molecular interactions between proteins and surfaces, and
their nanoscopic properties. Polymer brushes have gained much attention for the past decades due to
their unique structure, and the simple and controllable polymerization techniques to generate them.
Theoretical and experimental research on polymer brushes has been conducted for a better under-
standing of their outstanding properties and, currently, the focus has shifted to various applications in
the domains of materials science and engineering [1]. In order to improve the efficiency of biomaterials,

polymer brushes are one of the most promising methods to control protein adsorption.
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1.2 Protein adsorption

1.2.1 Protein properties

Proteins are the most abundant biological macromolecules occurring in all cells of living organisms.
They are formed by one or more polypeptide chains folded into a structure that bestows them their bi-
ological function. Polypeptides are linear polymers of amino acid sequences covalently linked together
through peptide bonds. Each amino acid contains an amine (—NH,) and a carboxyl (—COOH) group,
as well as a side chain which defines its diverse properties : they can be nonpolar or polar, carrying no
charge or exhibit an acidic or basic character at neutral pH. Nonpolar amino acids are hydrophobic,
as they form no hydrogen bonds with water molecules. 20 different amino acids are commonly found
in humans and, with the varying proportions of each of them, they form proteins with very diverse

properties, such as charge, size or solubility.

Moreover, physico-chemical properties of proteins are also a consequence of their structure, dictated
by their conformation at four different organization levels. The primary structure is defined as the
covalent bonds between the amino acids. The secondary structure is formed by chain arrangements
often stabilized by hydrogen bonding between NH and CO groups, as well as hydrophobic and Van der
Waals interactions. The most common secondary structures are « helices and § sheets. The ternary
structure refers to the three-dimensional folding of these structures together with unordered parts, held
by electrostatic and hydrophobic forces. This metastable shape is often spherical or globular, whereas
human fibrinogen, for example, is an elongated fibrous molecule. In some proteins, several polypeptide

subunits interact, giving rise to a quaternary structure. These levels are represented in Fig. 1 [2].

Primary Secondary Tertiary Quaternary
structure structure structure structure

Amino acid residues o Helix Polypeptide chain Assembled subunits

Fig. 1. Levels of structure in proteins [3].

The spatial arrangement of proteins enables the formation of active sites able to perform a biological
function and plays a crucial role in their interactions with surfaces. Hydrophobic residues are usually
located inside the molecule, hidden from water, while polar parts are usually exposed to the aqueous

phase and can interact with surfaces [4]. For the interior parts to interact, the protein has to unfold.
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Furthermore, proteins have a large amount of charges distributed along their molecules and their net
charge and isoelectric point (iep) depend on the content of these ionized groups and their pKa values.
The isoelectric point is the pH at which a molecule is neutral, i.e. the zwitterion form is dominant.
An amino acid possessing neutral side chains has two pK, values, pK,1 and pK o, for the carboxylic
acid and the amine groups respectively. The isoelectric point is halfway between them and can be

calculated as the average of them in the following equation :

pKal + pK(zQ
2

A third acid dissociation constant can be introduced for amino acids containing other ionisable groups

iep =

in the side chains, acidic or basic. The isoelectric point is then the mean of the pK, values relevant to
the protonation/deprotonation of the form with no net charge. An example of an acid-base equilibria

is given for tyrosine in Fig. 2.

OH

NH? Net charge +1

3

HO

pKay ||2.20

3

0e
NH%D Zwitterion form
HO
pKasz|[9.11
O
0©
NH, Net charge -1
HO
pKaz||10.07
[0}
Oe
NH, Net charge -2
Oe

Fig. 2. Acid-base equilibria for tyrosine.

The neutral form of tyrosine is between pK,; and pK,3, so that calculation of its isoelectric point is
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then iepry,, = w = 5.66.

Inappropriate protein conformation can result in various neurodegenerative diseases such as Alzheimer,
Huntington and Parkinson diseases [5]. Native proteins can lose the preferential location of polar and
nonpolar residues triggered, for example, by heating, application of external stresses, a change of pH or
ionic strength. This transition is called denaturation. Denatured proteins lose their properties, become

less dense, and are not able to perform their biological function anymore.

1.2.2 Problem statement

Protein interactions with surfaces are a major concern in many applications, mainly due to their role
played in biocompatibility of materials. Protein adsorption is always the first step when a solid surface
gets in contact with a biological fluid and its effect can be either beneficial or detrimental. This is why,
in some cases, the immobilization of proteins can be desired while, in other cases, protein accumulation

has to be prevented, making the control of protein adsorption a major issue.

Biomedical devices

First, when a medical device or a biomaterial is introduced into the body, protein adsorption almost
immediately occurs at its surface. In the case of orthopedic prostheses for instance, this is beneficial
because proteins allow the further attachment of cells and the integration of the material to the
bone tissue. On the other hand, the efficiency of other biological implants can be reduced and result
in harmful side-effects. For example, plasma proteins adsorb on stents a few seconds or minutes
after their contact with blood, allowing platelet adhesion, which can lead to thrombus formation
[6]. Moreover, adsorbed proteins provide a conditioning layer for microbial colonization and bacterial
biofilm formation, causing chronic infections [7]. Fig. 3 shows SEM images of biofilms formed on

different medical devices that lead to infections and required removal from patient.

Fig. 3. SEM images of biofilms on various medical devices : (a) a ventilation tube ; (b) a connector ; (c) a
pacemaker wire. Adapted from [8].

Biosensors

Electrochemical biosensors are of particular interest in the diagnosis of many diseases [9]. However,
the accumulation of biomolecules on their electrode and the sensor surface is an important concern,
reducing the efficiency of sensing devices. On the other hand, high densities of immobilized bioactive
molecules are needed on the sensor surface, that can be achieved through efficient protein adsorption
[10].



CHAPTER 1. STATE OF THE ART

Marine biofouling

Marine biofouling is the contamination by undesired biological material, such as bacteria and algae, of
ship hulls, buoys, sonar devices, offshore structures, underwater cables, and other marine components,
as shown in Fig. 4. It is the result of complex interactions between proteins and surfaces, that
lead to further adhesion and anchoring of living organisms. Materials with anti-fouling properties are
therefore of particular interest in marine applications, where fouling issues lead to device deterioration

and failure, and to energy dissipation, increased corrosion, fuel consumption and environmental costs.

bow
windlass

windlass

external
cooling
pipes

propeller

bridge keel

sea chest

anchor locker

Fig. 4. Fouling of different parts of a ship by bacteria and algae [8].

Food industry

A major concern is also the formation of biofilms in the food processing industry, leading to health and
sanitary issues. Biofilm formation begins with the adhesion of organic (protein) or inorganic matter on
clean products and the layer grows until subsequent accumulation of other hazardous organisms. Fungi
may for example grow on biofilms and cause poor taste and odour problems [8]. They are difficult to

remove and often resistant to common sanitation procedures [11].

Biotechnology

In the process industry, fouling by protein adsorption strongly affects the bioreactor performances and
also has to be minimized [12]. For instance, in heat exchangers, ultrafiltration membranes or even nu-
clear power plants, biofilms increase friction, energy needs and pipe pressure drops, as well as decrease
heat-transfer efficiency. Dangerous pathogenic micro-organisms are also found in biofilms in potable

water supplies [8].
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In conclusion, it is essential to predict and control protein adsorption, in order to prevent it in certain

areas, while to increase it where desirable, and this can be achieved by functionalization of the surfaces.

1.2.3 Protein behavior at solid interfaces

When a solid surface comes into contact with a biological fluid, proteins almost instantaneously adsorb
on it, and are no longer free to diffuse away. Later, it is more difficult for proteins to reach an empty
spot and the process becomes slower [4]. Some conformation changes of the protein molecules occur
immediately in order to adapt to the new environment and others may continue for days, but adsorption
does usually not result in fully denatured proteins. The created film acts then as a substrate for further
adhesion of cells or microorganisms. The orientation of adsorbed proteins on the surface also changes
the properties of the adsorbed phase because proteins are not uniform across their surface. If a fixed
portion of the protein is exposed to the bulk phase, it influences the surface bioactivity [4]. For instance,
the exposure of the variable part of an antibody allows for antigen recognition. Protein adsorption
is generally not reversible, but changing the pH or the salt concentration can increase the desorption
process. The protein molecules leaving the surface may then be conformationally altered compared to

the native protein.

Thermodynamic approach

The thermodynamic principles governing protein adsorption are described by the formula :

AaulsCT’ = AadsI—I - TAadsS

Negative as well as positive changes in enthalpy have been observed upon spontaneous adsorption.
They are caused by intermolecular forces - Van der Waals, Coulomb, Lewis acid-base forces. The
Gibbs free energy variation A,4sG is negative for the spontaneous adsorption process. This means
that the entropic term T'A,4:S is greater than the positive enthalpic term AggsH. Indeed, protein
adsorption is generally strongly driven by entropic changes, arising from changes in water binding to

the surface and the protein, and unfolding of the protein on the surface [4, 5].

Driving forces

The mechanism of protein adsorption is not fully understood, but there are a few parameters that
influence the phenomenon and act synergistically, or antagonistically : the surface properties (wetta-
bility, polarity, charge, topography features), the protein nature (size, stability, bulk concentration,
functionality, affinity for surface) and the solution conditions (pH, salt, temperature) [12, 5]. In this

section, the main contributions from electrostatic, dispersion and hydrophobic forces will be discussed.

Electrostatic interactions First of all, in an aqueous environment, both proteins and the support
are generally electrically charged and surrounded by counter-ions. Amino-acids that make up proteins
contain both acidic and basic functional groups, which can be associated or dissociated. Proteins
adsorb best on surfaces with opposite charge and a maximum is reached when the charge density of

the protein matches the one of the surface, resulting in a zero net charge at the interface [5]. Proteins
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may also adsorb on surfaces with the same charge by binding through localized opposite charges in
their structure or exposed interior groups after conformational changes. Electrostatic interactions are
strongly affected by the ionic strength of the solution. At low salt concentration, cationic proteins
bind to anionic surfaces reversibly [5]. At high ionic strength, ions from the salt screen electrostatic
interactions, and therefore decreasing the adsorption. Moreover, increasing the ionic strength is used for
protein desorption. Adsorption processes controlled by other types of interactions, such as wettability,
may however be enhanced [12]. At pH far from the isoelectric point of the protein, the charged proteins
then exhibit repulsive forces between each other, which prevent them from aggregating. On the other
hand, at the isoelectric point, there are as many positive as negative charges so that the net charge
is zero, although highly charged patches still remain on the protein surface. Repulsive electrostatic
forces are then reduced and attraction forces are predominant, causing aggregation of proteins at the

neutral surface. For this reason, the maximum protein adsorption often occurs at the isoelectric point

[5).

Van der Waals forces Van der Waals forces also play a role in the adsorption process. For a sphere
(the protein) of radius a and a distance h of closest approach between the sphere and the planar
surface, for h << a, the Gibbs free energy change attributed to Van der Waals forces A,qsGvaw is
simplified into :

AgasGvaw = —% (1.1)
where A is the Hamaker constant for this specific interaction. Dispersion forces between proteins and
sorbents are usually attractive but small, because of the small dimensions of protein molecules and the

low value of the Hamaker constant related to such systems [13].

Surface wettability It has been frequently reported that proteins adsorb in larger quantities on
hydrophobic surfaces than hydrophilic ones. On a hydrophobic surface, the protein unfolds and ad-
sorbs through its hydrophobic patches. Then it spreads along the surface in order to minimize the
hydrophobic area in contact with the solvent. Water molecules are released from the interface, as shown
in Fig. 5, leading to an entropy gain of the system. This driving force originating from dehydration
when at least one of the contacting surfaces is hydrophobic largely outweighs electrostatic repulsion or

dispersion interactions [14].

o  Water

. Protein

Difusion

Adsorption and dehydration

Denaturation
S C e,

Fig. 5. Process of hydrated protein adsorption along with dehydration [5].
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On the other hand, with hydrophilic surfaces, there is no such dehydration force. The hydration of
the support and the protein is favorable, so water molecules at the interface impede adsorption. The

interaction is then governed by polar and charged functional groups of the protein.

A distinction has to be made between structurally stable proteins that have a strong internal cohe-
sion ("hard" proteins) and structurally labile proteins with a weak internal cohesion ("soft" proteins).
Hard proteins adsorb mostly by electrostatic attraction and undergo limited structural changes upon
adsorption, while soft proteins can even overcome electrostatic repulsion by going through severe con-
formational changes leading to higher entropy [5, 14]. Protein adsorption is therefore electrostatically
controlled on hydrophilic surfaces for hard proteins, while soft proteins can adsorb at all kinds of

surfaces (Fig. 6).

“soft” protein “hard” protein

adsorption driven by loss of
ordered structure (increase
conformational entropy)

polar (hydrophilic), electrostatically repelling surface

Fig. 6. Soft protein : adsorption onto a hydrophilic and electrostatically repelling surface by loss of ordered
structure. Hard protein : no adsorption on electrostatically repelling surface. Adapted from [14].

In conclusion, table 1.1 outlines the theoretical predictions of protein adsorption at different surfaces.

Table 1.1. Scheme to predict whether ("yes") proteins adsorb or not ("no") at surfaces. The "+" and "-" signs
refer to the net electric charge of the protein and the surface [14].

Surface
Hydrophobic  Hydrophilic
Protein + — + —
Stable structure
—+ Yes Yes No Yes

— Yes Yes Yes No
Labile structure
—+ Yes Yes Yes  Yes
— Yes Yes Yes  Yes

Multiprotein systems

At most surfaces in contact with complex protein solutions, adsorption depends on time and concen-
tration. An example of this behavior which is expected to occur is the Vroman effect. With time,
adsorbed proteins with lower affinity may be replaced by more surface-active ones, but that are present
in lower concentrations [4]. However, when adsorbed proteins relax to irreversibly adsorbed states in a

time-dependent manner, the replacement of one protein by another also depends on relaxation effects
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[15].

1.2.4 Control of protein adsorption

Scientists aim at controlling and predicting protein adsorption. Their ideas follow two different direc-
tions. One is interested in designing materials with appropriate macroscopic surface properties, such
as water wettability. The other approach focuses on molecular interactions between the proteins and
the surface. For reducing protein adsorption, the aim is always to minimize the interfacial free energy

between the surface and the solution.

Pre-adsorbing one protein to prevent further adsorption may be a simple way of protection, but there
is always the risk of an exchange with time [12]. Various coatings were investigated in order to resist
the adhesion of proteins, most of them are based on the use of polymers. They can be highly flexible
hydrophilic polymers or hydrogels. Controlling surface wettability is considerably used in biotechno-
logical applications, industrial processes and in agricultural applications. For instance, new contact
lens materials are based on polymers incorporating crosslinked hyaluronic acid as a wetting agent and
show a considerable reduction of protein adsorption [16]. Other techniques based on biomimetic non-
fouling were also developed. Nevertheless, they make use of the Lotus effect of hydrophobic surfaces
[7]. Hydrophobic materials have also been used in the field of blood compatibility, where a layer of

adsorbed proteins reduces the reactivity of the surface [12].

Polymer layers are of particular interest in resisting protein deposition. The interaction between a
particle (e.g. a protein) and a polymer-coated surface is described by the model in Fig. 7. The net
interaction energy (bold line) is a superposition of three contributions : (a) short-range interaction,
such as electrostatic attraction, hydrogen bonding and hydrophobic interaction, (b) long-range Van

der Waals attraction and (c) repulsive, steric interaction between the particle and the brush [17].

11



CHAPTER 1. STATE OF THE ART

N
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Fig. 7. Interactions between a particle and a polymer-coated surface : (a) short-range particle-surface contact

; (b) long-range Van der Waals attraction and (c) repulsive osmotic interaction. The solid line represents the

overall interaction [13].

Resistance to protein adsorption can be attributed to those factors depending on the way the protein
adsorbs on the polymer brushes. Three modes of adsorption can be distinguished and are represented
in Fig. 8. In the case of low brush density or small enough proteins, these latter can be intercalated
between polymer chains and adsorb at the solid surface. This insertion mechanism is called primary
adsorption. However, if the brush density (or the protein) is large enough, proteins are simply deposited
onto the brush-solvent interface and can approach the surface by compressing the brush - it is secondary
adsorption. Large rodlike proteins are likely to adsorb in this way. Ternary adsorption occurs within
the grafted layer [17].

secondary

adsorption ternary

primary
adsorption

adsorption

Fig. 8. Modes of protein adsorption on a polymer brush : (left) primary ; (centre) secondary and (right)
ternary [13].

The resultant can be tuned by choosing the adequate polymer brush parameters. In primary ad-

sorption, short range particle-surface attraction is dominant and may be repressed by increasing the
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grafting density. Secondary adsorption is due to Van der Waals forces and could be reduced by in-

creasing the brush thickness.

Zwitterionic polymer brushes make an important class of nonfouling polymers. Increasing the thick-
ness of grafted sulfoxybetaine- and carboxybetaine-bearing polymer chains seemed to decrease protein
adsorption. It was also highly suppressed from thick polymer brush layers bearing phosphorylcholine
groups [18]. Modified dextrans also showed to be effective in reducing protein adsorption [19]. Ikada
and co-workers reported that polyacrymide-grafted polyurethane surfaces reduced bovine serum albu-
min and immunoglobulin adsorption [1]. The highly hydrated glycocalyx is also known to prevent the

undesirable nonspecific adhesion of proteins and cells [1].

However, poly(ethylene glycol) (PEG or PEO) is the most well-known protein-repellent and widely
used polymer for preventing protein adsorption. It is a neutral, highly hydrophilic and flexible polymer.
A densely grafted hydrophilic polymer brush acts as an inert shielding layer that reduces interactions
between the surface and the solution. The dependence of protein adsorption to the grafting density
is believed to be due to steric repulsion caused by the compression of stretched chains. The entropic
contribution to the total free energy of the system is indeed unfavorable and the system tends therefore
to minimize the adsorption [1]. Furthermore, in an aqueous solution, its chains are highly mobile and
associate with water through hydrogen bonds, leading to high exclusion volumes. Its protein-repellent

properties are then attributed to steric repulsion [13].

Self-assembled monolayers or layer-by-layer assembly techniques are used to modify surfaces with poly-
mers [7]. Moreover, various lithography methods, such as electron-beam lithography or scanning probe
lithography, and surface-initiated polymerizations are also used to fabricate complex surfaces displaying
patterned domains. For instance, patterned poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
brushes were produced by a combination of block copolymer micelle lithography to prepare a patterned
gold substrate, and surface-initiated atom transfer radical polymerization of PDMAEMA on the gold
nanoparticles. To avoid protein adsorption on the substrate between the polymer nanopattern, the
surface was then passivated by addition of a protein resistant PEO layer. The resulting patterns al-
lowed to directly visualize and spatially control protein adsorption on the nanoscale. AFM results
before and after protein adsorption and desorption are shown in Fig. 9. After the brushes were ex-
posed to proteins, the pattern became blurry, the average height of the nanostructures decreased and
big aggregates appeared on the surface, meaning that some proteins on the outer edge of the brushes
formed aggregates and merged initially separated nanostructures, as seen in the model in Fig. 10.
After protein desorption, an ordered pattern appeared again, but the average height of the nanostruc-
tures increased. Residual proteins were actually located inside the brushes, causing volume expansion

of the nanostructures, as illustrated in the schematic model [20].
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25 nm

Fig. 9. AFM topography of patterned PDMAEMA brushes : (left) before protein adsorption ; (middle) after
protein adsorption and (right) after protein desorption [20].

rotein at the outer edge of brushes
PDMAEMA P .” ° guter edg e protein within brushes

a0 @0 Protein  3®

- k. M’ desorptionf——
substrate =5

Fig. 10. Schematic model of patterned PDMAEMA brushes : (left) before protein adsorption ; (middle) after
protein adsorption and (right) after protein desorption [20].
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1.3 Polymer brushes

1.3.1 Definition and properties

In order to enhance the performance of a material in the biological environment, while maintaining its
favorable bulk properties, the surface of the material has to be modified, to acquire new properties,
such as biocompatibility, corrosion resistance or wettability. This research is interested in coating
surfaces with polymer brushes. They present the advantage of being adaptable to various substrates,
they exhibit excellent long-term mechanical stability, their chemical composition and the morphology
can be precisely controlled and their properties are tunable. One of the main features of polymer
brushes is their responsiveness to different external stimuli, such as a variation in temperature, pH
or ionic strength. Van der Waarden was the first to take interest in polymer brushes in the 1950s,
when he showed that grafting polymer chains to colloidal particles prevented flocculation. They have
been considered in many applications more recently, such as dielectric materials, bioselective surfaces,

nanofluidic devices, microreaction vessels, biomimetic material fabrication and cell growth control [21].

A polymer brush consists of macromolecular chains end-tethered by one extremity to a supporting
surface - the substrate - under two specific conditions. First, the brush height & in a given solvent

1/2 of the non-grafted chains dissolved

has to be larger than the end-to-end average distance < r? >
in the same solvent. Second, the distance d between grafting points has to be smaller than the chain

end-to-end average distance [22].

A commonly used parameter to describe the structure of immobilized polymer chains is called the
reduced tethered density. It is defined as the number of chains in an area that a free non-overlapping
polymer chain would normally fill in the same conditions. It is noted ¥ and given in equation 1.2,

where R, is the radius of gyration of a tethered chain at specific conditions of solvent and temperature.

Y =onR] (1.2)
o is the grafting density defined by ¢ = h]‘QNﬂ with p the bulk density of the brush composition,

M,, the molecular weight of the brush, and N4, Avogadro’s number. Three different regimes can be
distinguished, evaluated by the distance d between their grafting points : the chains interactions are

stronger when d is smaller. They are illustrated in Fig. 11 :

— When the size of grafted polymers h approaches the distance d between grafting points, meaning
at low grafting density, the chains do not interact with each other and collapse. It is the mushroom

regime (when ¥ < 1