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This paper focuses on the effect of degree of polymerization (N), density (σ), and pattern size (x) on the interaction force between
a periodically patterned Poly(N-isopropylacrylamide) (PNIPAM) brush and protein. The hydrophobic interaction, the Van der
Waals attractive force, and the steric repulsive force were expressed in terms of N , σ, and x. The osmotic constant (k1) and the
entropic constant (k2) were determined from the fit of the steric repulsive force to an experimentally obtained force distance
curve. The osmotic constant was 0.105, and the entropic constant was 0.255. Using these constants, the steric repulsive force
was plotted as a function of the separation distance(s) between the substrate and the protein. The forces were determined at a
separation distance equal to 0.3 nm, where L0 is the equilibrium thickness of the PNIPAM brush. At this separation distance,
the value of the steric repulsive force was much higher than the value of the sum of the hydrophobic interaction and the Van
der Waals attractive force for large degree of polymerization (N > 100) and density (σ > 0:2 chains/nm2). However, the
repulsive force was comparable to the sum of the hydrophobic interaction and the Van der Waals attractive force for a small
degree of polymerization (N < 100) and density (σ = 0:2). Furthermore, the steric repulsive force was plotted as a function of
pattern size x. The plot indicated that the steric repulsive force becomes nearly zero for all degrees of polymerization and
density when the value of the initiator structure size was less than 200 nm. In addition to the steric repulsive force, the lateral
extension of the chains in the periodically patterned PNIPAM brush was calculated by scaling low and compared with the
experimental data taken from previously published literatures. The polymer brush structure was modelled as if the immediate
bare substrate is so wide that even a stretched polymer segment cannot reach to the next polymer brush structure. In such
models, the value of the lateral extension was equal to the thickness of the homogenous brush. It was independent of the
pattern size. However, when the polymer brush structure was modelled as if there is another polymer brush structure at a
distance half of the size of the period, the lateral extension was found to be dependent on the size of the initiator structure size
due to chain bridging. This was witnessed by the patterning of polymer brushes using the interferometric patterning of
PNIPAM brushes and an atomic force microscopy imaging of the polymer brush structures both in air and in water. The
polymer brush structure resolution in water was much lower than the resolution in air, which indicates the lateral extension of
the polymer chains in water. For such kind of periodic polymer brush structures, the gap between them was calculated, and it
was found dependent on the degree of polymerization, density, and initiator structure size.

1. Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is a thermo-
responsive polymer which undergoes a solubility switch at
its lowest critical solution temperature (LCST) of 32°C, such
that the polymer swells in water below the LCST, however,
becomes less soluble and collapses above the LCST [1].

When the solvent temperature is changed to a value
below the LCST, the PNIPAM segments repel each other
and the long, flexible macromolecule adopts the fractal con-
firmation of a self-avoiding walk [2]. However, when the
temperature is increased above the LCST, the effective repul-
sion between the segments of the polymer becomes zero, and
the polymer adopts a Gaussian conformation [3].

Hindawi
Advances in Polymer Technology
Volume 2022, Article ID 9741080, 20 pages
https://doi.org/10.1155/2022/9741080

https://orcid.org/0000-0002-1294-6448
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9741080


Modification of solid surfaces by PNIPAM brushes has
emerged as outstanding candidates for the fabrication of
switchable surface; surfaces which can be changed from foul-
ing to antifouling by an external stimulus [4]. The swelled
PNIPAM brushes are antifouling while the collapsed ones
are bioactive.

The mechanism of the antifouling nature of the PNI-
PAM brush below its critical temperature is due to the steric
repulsion between the biomaterial and the polymer brush.
When an adsorbate molecule such as a protein approaches
a PNIPAM polymer brush in a good solvent below LCST,
the surface polymer molecules become compressed. Com-
pression results in decreased conformational entropy which
is an unfavorable thermodynamic state. The system attempts
to move back to the higher entropy state, repelling the adsor-
bate molecule. In addition, when a polymer chain is com-
pressed by an adsorbate molecule, the local concentration
of monomer units increases relative to the surrounding area,
increasing the local osmotic pressure. Water molecules then
diffuse to equalize the osmotic pressure, thereby repelling
the adsorbate [5]. Repulsive forces between surface-
anchored polymeric materials operate at intermediate sepa-
rations, that is, 0.3–10nm; the range of which is generally
determined by the molecular weight and grafting density of
the PNIPAM polymer [6]. On the contrary, if a protein
approaches the PNIPAM polymer brush in a solvent above
the LCST, the proteins attach to the surface since above
the LCST the PNIPAM molecules are collapsed do not pro-
duce repelling forces. Therefore, PNIPAM surfaces can be
switched from biorepelling to bioactive by changing the
solution temperature. Figure 1 is a schematic showing PNI-
PAM polymer brush in solution switching from swollen to
collapsed by changing the temperature, consequently reduc-
ing the steric repulsive force substantially.

There exist three main forces in the interaction of the
PNIPAM brushes grafted onto solid surfaces and protein.
The forces are steric repulsive force, Van der Waals attrac-
tive force, and hydrophobic attractive force. These forces
can be obtained by differentiating the repulsive, Vander
Waals, and hydrophobic energies, see Figure 2a. Figure 2b
is a schematic of the model used to express the forces in
terms of the thickness of the PNIPAM brush (L), and the
distance between the protein and the PNIPAM brush sur-
faces (d). The model consists of a protein modelled as a
sphere of radius R, a solvent (di water), grafted PNIPAM
molecules, and a solid (substrate). A simple expression for
the repulsive energy was formulated by Patel et al. for all sol-
vent types. Equation (1) is the steric repulsive force which
was obtained after differentiating the repulsive energy for-
mulated by Patel et al. with respect to the nonequilibrium
thickness of the polymer brush [9, 10].

FR = πkbTR
2 k1
a2

4v − 1ð Þ k2
k1

� �1/4v Nσ2v+1/2v

3v − 1ð Þ
Lð Þ1/3v−1
tð Þ3v/3v−1 −

v tð Þ2v+1/3v−1
3v − 1ð Þ Lð Þ4v−1/3v−1

 !
,

ð1Þ

where FR is the repulsive force, kb is the Boltzmann con-
stant, T is the temperature, R is the radius of the protein,

k1 is the undetermined coefficient for the osmotic term, k2
is the undetermined term for the entropic term, v is a term
for the solvent condition, N is the degree of polymerization,
σ is density, and L is the equilibrium layer thickness of the
grafted polymer brush.

The equilibrium thickness of the polymer brush is the
thickness in the absence of the protein. It is the thickness
where the osmotic and entropic force balance. Equation (2)
is the equilibrium thickness obtained from the force minimi-
zation [9].

L =
k1

4v − 1ð Þk2

� �3v−1/4v
aNσ1−v/2v: ð2Þ

The second type of force is the Vander Waals attractive
force that operates at a very short distance. This force
depends on the distance between the protein and the poly-
mer brush, the polarizability of atoms, the refractive index,
and the dielectric constants of the interacting materials, as
well as the medium between them [12]. Equation (3) is the
Vander Waals force between the PNIPAM polymer brush
and the protein. It was obtained after differentiating the
Vander Waals interaction free energy from Jeon et al. [10].
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A
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d d + 2Rð Þ −
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−
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d + 2Rð Þ2
 !

, ð3Þ

where A is the Hamaker constant, and d is the distance
between the polymer brush and the protein.

The third force that may contribute to the interaction of
protein and the polymer brush is the hydrophobic interac-
tion. Equation (4) is the hydrophobic interaction force
between the polymer brush and the protein [10, 13, 14].

FH = kbTRe
−d/14: ð4Þ

In the fabrication of switchable surfaces, PNIPAM
brushes are usually patterned to produce chemical and topo-
graphical gradients [15]. However, patterning causes a sig-
nificant change in the morphology of the PNIPAM brushes
[16]. Especially when the initiator structure size, x, is less
than the degree of polymerization, N , the whole polymer
brush structure is affected by stress relaxation due to the
edge effects [17]. This is because the relaxation of the chains
at the rim of the features creates extra room for neighboring
chains further inside the polymer brush structure to relax by
tilting away from the normal that decreases the maximum
height of the polymer brush structure [18]. The decrease in
the height of the polymer brush structure due to patterning
affects the steric repulsive force since it depends on the
thickness of the polymer brush structure. In addition, the
relaxation of the chains at the rim of the polymer brush
structure produces excess width when compared with that
of the initiator structure size. Therefore, the total width of
the polymer brush structure becomes the initiator structure
size (x) plus the excess width (w) due to chain relaxation
(x + 2w) [19]. Figure 3 is a schematic of the morphology
of a PNIPAM polymer brush structure which shows the size
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of the excess width both above and below the LCST. Above
the LCST, the polymer brush structures shirk and expose
the bare substrate which makes it suitable for biomaterial
deposition and below the LCST, it swells and covers the bare
substrate [20].

Chain overlap occurs when the summation of the excess
width (2w) of two neighboring polymer brush structures is
greater than the distance that separates the respective initia-
tor structures, see Figure 3. Theoretically, the dimension of a
single chain in the polymer brush structure is expressed as
the combination of the tilting angle, θ, which is measured
from the normal, and the length of the chain, li. Conse-
quently, the profile of the brush is defined by the set of
points (ri and hi) [15], where ri is the horizontal component,
and hi is the vertical component of the PNIPAM chain.
Equations (5) and (6) are the expressions for the two compo-
nents as a function of angle from the normal and equilib-
rium thickness of a homogenous brush.

ri = rg + li sin θ, ð5Þ

hi = li cos θ, ð6Þ

where rg is the distance between neighboring chains.

The angle is zero for the polymer chain at the middle,
and it is 90 for the chain at the edge of the polymer brush
structure. Therefore, the height of the central chain h0 is
equal to l0, and the lateral extension is equal to r90 = rg + l0
, where l0 is the equilibrium polymer brush thickness given
by Equation (2). In this paper, the relation between the
degree of polymerization and the gap between periodic PNI-
PAM brushes in good solvent has been determined. This
determination of key parameters will lead to the fabrication
of efficient switchable surfaces because polymer brush struc-
tures can be programed by the polymerization time that
controls the chain length, initiator density that is controlling
the polymer brush density and controlling imitator structure
size [22].

2. Methods

2.1. Determination of the Repulsive Force between the Protein
and the Polymer Brush. For temperatures below the lowest
critical temperature, the solvent parameter v in Equation
(1) was taken as 3/5 (good solvent) [23–25]. Equation (7)
is the expression for the repulsive force in a good solvent
or when the temperature of the solvent is below the LCST.
When the solvent temperature is above the LCST, the sol-
vent parameter, ν, is equal to ½. Therefore, the expression
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Figure 1: A schematic of PNIPAM polymer brush morphological changes due to change in solution temperature [7, 8].
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Figure 2: (a) A schematic of the interaction energies between the PNIPAM brush grafted onto a solid surface and the protein, and (b) is a
schematic of the model used to determine the interaction forces [11].
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for repulsive force is changed to Equation (8).
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The equilibrium thickness has two expressions. Equation
(9) is the expression for the polymer brush thickness when
the temperature is below the LCST [26–28], and Equation
(10) is the expression for the equilibrium thickness of the
polymer brush when the temperature is above the LCST.
The ratio of the equilibrium thickness below the LCST to
the equilibrium thickness above the LCST is the swelling
ratio (α) given by Equation (11).
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5k1
7k2

� �1/3
aNσ1/3 forN > 1000 andT < 32, ð9Þ

Lc =
k1
k2
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Besides, mostly, in an experimental investigation, the
thickness of the polymer brush grafted on to the solid sur-
face is reported. Thus, the degree of polymerization, N ,
and grafting density, σ, must be determined to calculate
the interaction force. The degree of polymerization, N, and
grafting density, σ, can be determined from the measured

thickness using the relation given by Equations (12) and
(13) [29].

N =
hw
a

hw
hd

� �1/2
, ð12Þ

σ =
hd
hw

� �3/2
, ð13Þ

where hd is the brush thickness above the LCST, hw is the
brush thickness below the LCST, and a is the monomer size
which is equal to 0.5 nm.

In addition, the interchain distance, d, was calculated
using Equation (14)

d =

ffiffiffiffiffiffiffiffiffiffiffiffi
Mn

NAhρ

s
and σ =

a2

d2
, ð14Þ

where Mn is the number average molecular weight of the
deposited film, NA is Avogadro’s number, h is the film thick-
ness, and ρ is the dry density of PNIPAM.

2.2. Modelling the Attractive Forces between the Polymer
Brush and the Protein. In the Vander Waals force (Equation
(3)), the components are protein, water, and polymer brush
(Figure 2b). The homemaker constant, A, for this model is
then [10].

A =
3hve
8
ffiffiffi
2

p n21 − n23
À Á

n22 − n23
À Á

n21 + n23
À Á1/2 n22 + n23

À Á1/2 ×
1
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À Á1/2 + n22 + n23

À Á1/2h i
+
3
4
kT

ϵ1 − ϵ3ð Þ ϵ2 − ϵ3ð Þ
ϵ1 + ϵ3ð Þ ϵ2 + ϵ3ð Þ ,
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T < 32T > 32

Figure 3: Schematic of the PNIPAM polymer brush structure in a solvent above the LCST and below the LCST [21].
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Figure 5: Continued.
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where n1, n2, and n3 are the refractive indices of protein,
water, and PNIPAM polymer brushes, and ε1, ε2, and ε3
are the static dielectric constants of protein, water, and PNI-
PAM polymer brushes, respectively. The values of the refrac-
tive index and the dielectric constants were taken from [30].
[10], and they are equal to n1 = 1:539, n2 = 1:33, n3 = 1:5,
ϵ1 = 2:64, ϵ2 = 79:69, and ϵ3 = 2:26. The homemaker con-
stant was determined after substituting these values in Equa-
tion (16), and it was equal to -5.8, and therefore, the Vander
Waals force between the polymer brush and the protein is

written as

Fv =
−5:8
6

2R
d d + 2Rð Þ −

R

d2
−

R

d + 2Rð Þ2
 !

: ð16Þ

The total attractive force (FTa) is then the sum of the
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Figure 5: A plot of force versus distance for a PNIPAM polymer brush-coated mica and bare mica surface in water. Dots are experimental
data digitized from ref [29, 34–37], and the solid line is a curve fitted to the data points (Equation (7)).

6 Advances in Polymer Technology



Vander Waals force and the hydrophobic force.
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The total interaction force is the sum of the repulsive and
attractive forces

FT = kbTπR
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2.3. Effect of Patterning on the Interaction Force. For a poly-
mer brush structure, the expression for the equilibrium
thicknesses is proposed to have a relation with the initiator
structure size (x), initiator density (q), and the brush height
at large initiator structure size (hh) [31].

Lp = hhq
1/3 f1 xð Þ, ð19Þ

where f1ðxÞ is a function that depends on the initiator struc-
ture size, which will be determined from the curve fitting of
an experimental data.

Therefore, due to the reduction of density and equilib-
rium thickness for polymer brush structures, the equation
for the steric repulsive force is modified to include the effect
of patterning, Equation (20).

Fp = kbTπR
2 k1
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7k2
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� �5/12
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 !3/4" #
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2.4. Chain Overlap between Neighboring Polymer Brush
Structures. For the dense polymer brush, rg in Equation (5)
is too small compared to the excess width, thus, for a dense
brush r90 is equal to l0 which is the equilibrium thickness of

the PNIPAM brush. The horizontal component of the chain
end-to-end distance below the LCST is then equal to

ri = rg +
5k1
7k2

� �1/3
aNσ2/5 sin θ: ð21Þ

2.5. Patterning of PNIPAM Brushes. Polymer brushes were
prepared by atom transfer radical polymerization. Brush
thickness was controlled by the polymerization time. Peri-
odic patterns of PNIPAM brush structures grafted on silicon
oxide substrates were fabricated using interferometric
lithography; the Lloyds’ mirror setup was used in the inter-
ferometric lithography since it is easy to setup and uses the
same light source (beams are coherent), Figure 4 [32, 33].
The 266 nm laser from coherent was used as the light source.
The period of the polymer brush structure fabricated by the
interference of two coherent plane waves is given by Equa-
tion (22), and the normalized intensity distribution of the
beams is given by Equation (23). The period can be
increased or reduced by changing the angle between the
two beams.

d =
λ

n 2 sin θ/2ð Þ , ð22Þ

I sð Þ = 1 + cos
2π
d
s

� �
, ð23Þ

where d is period, λ is the exposing wave length, n is refrac-
tive index of the medium, θ is the angle between the beams,
and s is the distance from the joint.

The polymer brush structures were characterized by
atomic force microscopy using a Nanoscope III, Digital
Instruments, Santa Barbra, CA. A home built heating stage
was used to heat the samples while imaging in water. The
heating stage consists of a Peltier crystal from Marlow
Industries Inc., an insulator mounted on an AFM sample
disc and a DC power supply. The temperature was con-
trolled by an omega132 temperature controller.

2.6. Data Extraction from Published Journals. To calculate
the steric repulsive force between the proteins and the PNI-
PAM polymer brush, the osmotic (k1) and entropic (k2) pro-
portionality constants were determined by digitizing data

Table 1: Calculated k1 and k2 values.

K1 K2
Density chain/

nm2
Polymerization

(N)
Measured thickness in

air
Measured thickness in

water
Calculated
thickness

Ref R2

0.018 0.037 0.4 1480C 74 nma 240 nmb 261 nm dMandal 0.88

0.065 0.115 0.45 2200 170 nm 360 nm 352 nm eYu 0.90

0.105 0.255 0.43 2330 125 nm 270 nm 290 nm dPlunket 0.99

0.086 0.126 0.14 4080 70 nm 210 nm 171 nm dMalhan 0.97

0.05 0.225 0.45 450 25 nm 75 nm 73 nm fKaholek 0.95
d the force-distance curve was obtained using a surface force apparatus which consisted of PNIPAM brushes grafted on freshly-cleaved mica and a bare mica
sheet. e The force versus separation curve was measured with the AFM colloid (6 um in diameter) probe upon approaching the PNIPAM brush grafted onto a
silicon substrate. f The force versus distance curve was measured using AFM tip modified with PNIPAAM brushes while approaching a PNIPAM brush
modified substrate (the polymerization time was 5- and 60-min for the substrate and cantilever, respectively).
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from previously reported force distance curves [29, 34–37].
This was done since the kl and k2 values of PNIPAM in
water are not available in the literature. In addition, the
unknown functions, f1 in the equilibrium thickness and f2
in the excess width of the polymer brush structures, were
determined from digitized and replotted data [31, 38] .To
collect these data of Poly(N-isopropylacrylamide) brushes,
google scholar (2000 to 2021) was searched using the following
keywords: thermoresponsive patterned substrate, force-distance
curves of Poly(N-isopropylacrylamide) brushes, scaling law,
swelling ratio, and Poly(N-isopropylacrylamide) brushes.

3. Results and Discussion

3.1. Determination of the Osmotic and Entropic Constants of
the Repulsive Force. To obtain the osmotic and entropic con-
stants, Equation (7) was fitted to a digitized data from refer-
ences [29, 34–37]. Figure 5(a)–5(d) is a python plot of force-
distance curves which are fitted to the repulsive force (Equa-
tion (7)) using SciPy optimize. In the process of fitting, the
value of the nonequilibrium thickness was varied from
0.4 L to 0.95 L because the nonequilibrium thickness is
always less than the equilibrium thickness [25, 39]. The
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Figure 6: Plot of force as a function of the distance between the polymer brush and protein. (a) plot of the Vander Waals and repulsive
forces. (b) Plot of the steric repulsive force for different degrees of polymerization. (c) Plot of the steric repulsive force for different sizes
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maximum compression (0.4 L) was estimated from the den-
sity and the equilibrium thickness which is equal to σL. And
the maximum value of the nonequilibrium thickness of the
polymer brush is estimated as 0.95 L or can be estimated
by L-0.3 nm, where 0.3 nm is the monomer size. In the pro-
cess of fitting, the difference between the model’s predictions
and the data was calculated and minimized over several iter-
ations while varying the parameters k1 and k2. Each time the
code is running, the parameters are modified to determine
new values that provide a better agreement between the
model prediction and the experimental data. It should be
pointed out that the difference in force curves between the
theoretical and experimental is that the theoretical curve
provides purely the interaction forces between a protein
and the surface, whereas the experimental force measure-
ments contain both protein-surface interactions and hydro-
dynamic forces. The calculated results for each data are
presented in Table 1. The values chosen from the table are
k1 = 0:105 and k2 = 0:255 with an R-square value of 0.99.
These values were chosen for further investigation of the ste-
ric repulsive force for both homogenous and patterned PNI-
PAM brushes. To validate the values of k1 and k2, the
equilibrium layer thickness was determined using Equation
(9) and compared with the experimentally measured thick-
ness. The experimentally reported layer thickness, L0 is
about 270 nm, and the theoretically calculated equilibrium
layer thickness (Equation (9)) using the values of kl and k2
is about 290 nm, which are in relatively good agreement with

the experimental results. The difference in the calculated
thickness and the experimental value is due to the relation
that was derived for the moderate density regime [40, 41].

3.2. Comparison of the Attractive and Repulsive Forces. PNI-
PAM polymer brush surfaces are hydrophobic below the
LCST and hydrophilic above the LCST [42]. The hydropho-
bic attraction force contributes to the interaction force when
the surface is hydrophobic, that is, when the solvent temper-
ature is above 32. Therefore, in the comparison of the attrac-
tive and repulsive force between the polymer brush and the
protein, only the Vander Waals and steric repulsive forces
were considered. In addition, the distance between the PNI-
PAM surface and the protein under the condition of no
adsorption was taken as 0.3 nm, which is almost the same
as the PNIPAM monomer size [43]. To examine the effect
of Vander Waals on steric repulsion below the LCST, the
two forces were plotted as a function of the distance between
the protein and PNIPAM surface. Figure 6(a) is a plot of the
Vander Waals and steric repulsive forces as a function of the
distance between the polymer brush and protein. The Van-
der Waals force is nearly zero when compared with the steric
repulsion force. This is in agreement with Sheth and Leck-
band who reported that for a surface grafted homogenous
polymer brush, whose height is greater than 10nm, the con-
tribution of the Vander Waals is almost zero [43]. Therefore,
for PNIPAM polymer brush in a solvent below the LCST,
the total force between the polymer brush and the protein
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Figure 7: (a) plot of height of the PNIPAM polymer brush structure grafted on silicon oxide substrate versus initiator structure size and (b)
plot of the vertical component (Equation (6)) of a polymer chain in the structure as a function of the tilting angle. (c) is a schematic of the
constant density lines for the polymer brush structures grown from an initiator structure size, x, and the orientation of the polymer chains in
the polymer brush structure (d) is plot of density of the polymer brush structure as a function of height, (e) is plot of the height of the
polymer brush structure as a function of initiator structure size, and (f) is a plot of the repulsive force versus initiator structure size for
different degrees of polymerization and density.
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Figure 8: Plots of excess width of the polymer brush structure versus initiator structure size (primary data were taken from references [15,
16, 19, 21], and the plotted data (the excess width) was calculated using Equation (26).
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Figure 9: (a) is a plot of the excess width of a polymer brush structure versus the degree of polymerization for different densities; (b) plot of
the horizontal component of a polymer chain in the polymer structure, Equation (23).
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is dominantly the repulsive force. This repulsive force is
dependent on the degree of polymerization density and protein
size as can be seen in Figure 6(b)–6(d). When the degree of
polymerization increases from 500 to 1000, the repulsive force
also increases (Figure 6(b)). In addition, when the protein size
increases from 20nm to 30nm, the repulsive force also
increases (Figure 6(c)). The effect of the grafting density of the
polymer brush on the steric repulsive force is insignificant when
compared with the degree of polymerization (Figure 6(d)).

3.3. The Repulsive Force for Patterned PNIPAM Brush
Surfaces. The repulsive force depends on the height of the
polymer brush structure. Therefore, to determine the repul-
sive force for patterned polymer brush surfaces, first the
relation between the height of the polymer brush structure
and the initiator structure size must be determined.
Figure 7(a) is a plot of the height of a PNIPAM polymer
brush structure (lp) versus initiator structure size (x). The
data was digitized from references [31, 38] and replotted
using Matplotlib. The plot was then fitted with Equation
(19) to obtain f1ðxÞ, and the fit equation was equal to

lp = hwq
1/3 bxn, ð24Þ

where b and n are the fitting parameters, and they are equal
to 4:6 × 105 and 0.5, respectively. The homogenous brush
height (hw) and the initiator density (q) were obtained from
the data source, and they are equal to 562nm and 1,
respectively.

As can be seen in the figure (Figure 7(a)), the height of
the polymer brush structure decreases as the initiator struc-
ture size decreases due to the relaxation of the chains at the
rim, which creates extra room for neighboring chains further
inside the polymer brush structure to tilt away from the nor-
mal increasing its entropy [18]. This tilting away of the
chains from the normal causes a decrease in the density
which consequently decreases height of the polymer brush
structure. The profile of a single polymer chain in the nano-
structured brush was defined by the set of points (ri and hi),
where ri is the horizontal component, and hi is the vertical
component. The vertical component was plotted to investi-
gate the effect of chain tilting on the height of the brush.
Figure 7(b) is the plot of the vertical component (Equation
(6)) of a polymer chain in the structure as a function of
the tilting angle. The vertical component is given in terms
of % of equilibrium thickness, and the angle is given in
radians. As the tilting angle increases, that is, as the grafting
site moves away from the center of the polymer brush
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Figure 10: (a) a contour plot of the patterning intensities during interferometric patterning; (b) the schematic of the excess width grown on
the patterned surface.
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structure, the vertical component decreases and finally
becomes zero. Therefore, in a good solvent, the polymer
brush structure will have a lens like morphology which its
surface can be approximated by an ellipse of minor axis L0
and major axis x/2 + L0, where L0 is the equilibrium thick-
ness of the brush in a good solvent, and x is the initiator
structure size. The density of the polymer brush structure,
σ’, in terms of the density of the homogenous brush, σ0
(where all the brush are assumed vertically upward direc-
tion) can be obtained using the Ramanujan formula of the
perimeter of the ellipse which is

p = π 3 2L +
x
2

� �n
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4L +

x
2

� �
4l +

3x
2

� �� �s
: ð25Þ

Since the number of chains, n, grafted on to the initiator
size x is conserved, then number of chins ðnÞ = σ0x = σ’p.
Solving for σ’ and taking the average density at half of the
polymer brush structure height (replacing L by L/2) yields

Equation (26)

σ′ = σ0x

1/2π 3 2L + x/2ð Þð Þf −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4L + x/2ð Þð Þ 4l + 3x/2ð Þð Þ½ �p :

ð26Þ

After substituting the modified density in to Equation
(9), the height of the polymer brush structure is then equal
to

Lp =
5k1
7k2

� �1/3
aNσ′1/3: ð27Þ

Figure 7(c) is a schematic of the constant density lines
for the polymer brush structures and the orientation of the
polymer chains in the polymer brush structure. The shaded
rectangle with sides equal to x and L0 is the polymer brush
structure when the chains do not relax, and the elliptical
shape is the equilibrium shape after the brush relaxes on

(a) (b)

(c)

Figure 11: (a) Atomic force microscopy image of PNIPAM brush structure 25°C; (b) at 36°C; and (d) atomic microscopy image of a
scratched polymer brush with its thickness.
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Figure 12: Continued.
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the bare substrate. The height is not uniform for the polymer
brush structure, instead it decreases from maximum to zero
when moving away from the center of the polymer brush
structure to the rim of the structure. Figure 7(d) is a plot
of the density of the polymer chains as a function of height
of the polymer brush structure. The density decreases when
moving away from the substrate due to relaxation.
Figure 7(e) is a plot of the height of the polymer brush struc-
ture as a function of the initiator structure size. The theoret-
ical plot is in good agreement with the experimental plot,
Figure 7(a).

To investigate the effect of patterning on the antifouling
nature of the surface, the steric repulsive force for patterned
(Equation (20)) PNIPAM brushes was plotted as a function
of the initiator structure size. The modified equilibrium

thickness of the patterned polymer brush (Equation (26))
was substituted in Equation (20), and the nonequilibrium
thickness was taken as Lp-0.3 nm. Figure 7(f) is a plot of
the repulsive force versus initiator structure size for different
degrees of polymerization and density. The repulsive force
increases as both the degree of polymerization and density
increase for a given initiator structure size. When the initia-
tor structure size decreased, the repulsive force decreased
and finally becomes almost zero for all degrees of polymeri-
zation and density for the initiator structure size less than
200 nm. This is because small pattern sizes produce small
thickness regardless of the degree of polymerization and
density. From the figure, it is evident that brushes patterned
with initiator structure size less than 200nm may not be
effective in preventing the deposition of biomaterials.

×

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
0.50 1.500.25 0.75 1.751.251.00 2.00

le–6

le–6

×
×

×
×

×
×

×
×

×
×

T < 32 ,1000
T > 32 ,1000×

×
×

×
×

×
×

×
×

×

Initiator structure size, (nm)

G
ap

 in
 n

m

(e)

1000

900

800

700

600

500

400
0.2 0.4 0.6 0.8 1.0

1e–6

1e–6

X (nm)

N

Gap between brush structures (nm)

1.05

0.90

0.75

0.60

0.45

0.30

0.15

0.00

–0.15

(f)

Figure 12: Plot of the gap between periodically placed polymer brush structures versus the initiator structure size x; (a) below the LCST for
different degrees of polymerization; (b) above the LCST for different degrees of polymerization; (c) below the LCST for different densities;
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3.4. Chain Bridging between Neighboring Polymer Brush
Structures. To investigate the dependence of the excess width
on the initiator structure size, the polymer brush structure
size (dpb) and initiator structure size (x) were digitized from
references [15, 16, 19, 21]. The excess width was calculated
from the relation

w =
1
2

dpb − x
À Á

: ð28Þ

Figures 8(a)–8(d) are plots of excess width versus initia-
tor structure size. As can be seen, the excess width is inde-
pendent of the initiator structure size and is equal to the
thickness of the homogeneous polymer film [44]. The scal-
ing low was fitted for some of the plots where the degree
of polymerization and density were available [45] and the
equation fits very well, indicating that the excess width of a
polymer brush structure can be calculated for any solvent
quality using scaling low (Equations (9) and (10)).

Figure 9(a) is a plot of the excess width (Equation (21))
of a polymer brush structure versus the degree of polymeri-
zation for different densities. The excess width is strongly
dependent on the degree of polymerization and density.
The lateral extension converges at a low degree of polymer-
ization for all densities. The effect of the density on the lat-
eral extension is not as significant as the effect of the
degree of polymerization. Figure 9(b) is plot of the horizon-
tal component (Equation (21)) of a polymer chain in the
structure as a function of the tilting angle. The horizontal
component is given in terms of % of equilibrium thickness,
and the angle is given in radians. As the tilting angle
increases, that is, as the grafting site moves away from the
center of the polymer brush structure, the horizontal com-
ponent increases and finally becomes equal to the equilib-
rium thickness. This indicates that the polymer chains at
the rim of a polymer brush structure lays horizontally to
the bare substrate. Therefore, for periodically arranged small
polymer brush structures, for example, brushes patterned
using interference lithography, neighboring structures may
merge due to chain overlap. Figure 10(a) is a python contour
plot of a two-beam interference used to produce periodically

arranged polymer structures, and Figure 10(b) is a schematic
that depicts the change in the gap between the polymer
structures due to a change in solution temperature.

Experimental investigation of the effect of solvent on the
excess width and consequently on the gap between neigh-
bouring polymer brush structures was examined after pat-
terning PNIPAM brushes on silicon oxide. Figure 11 is an
atomic force microscopy image of PNIPAM brush patterned
with a period of 270nm using interference lithography.
Figure 11(a) is the atomic force microscopy image of the
PNIPAM brush structure above the LCST, and
Figure 11(b) is below the LCST. The PNIPAM brush struc-
ture period was intentionally made large compared to the
thickness of the polymer brush structure (60 nm) to show
the width change when the medium temperature is changed
from 25°C to 36°C. The width changed from 100 above the
LCST to 136 below the LCST. The peak-to-valley distance
also changed from 60nm above the LCST to 20 nm below
the LCST. The change in width and the peak to valley dis-
tance is due to chain relaxation when the brush is in water
at 25°C which shows that the polymer brush structures
extend more in to the bare substrate when immersed in a
good solvent.

Theoretically, it is possible to determine the gap between
periodically patterned polymer brush structures by subtract-
ing twice of the excess width from the initiator structure size.
Equation (27) is the expression for the gap between neigh-
boring polymer brush structures (g = x − 2w) as a function
of the initiator structure size, x.

g = x − 2l org = x − 2
k1
k2

� �1/4
aNσ1/2

 !
: ð29Þ

Figures 12(a) and 12(b) are plots of the gap between
periodically placed polymer brush structures versus the ini-
tiator structure size x above and below the LCST for differ-
ent degrees of polymerization, respectively. As the
polymerization increases, the gap decreases since longer
chains extend more into the bare substrate. Figures 12(c)
and 12(d) are plots of the gap between periodically placed
polymer brush structures versus the initiator structure size,
x above and below the LCST for different grafting densities,
respectively. As the density increases, the gap decreases
slightly since more dense polymer brush structures relax to
the bare substrate than less dense polymer brush structures.
However, when compared to the effect of the degree of poly-
merization, the effect of density is insignificant since the
chains relax to the bare substrate in a good solvent regardless
of the density. Figure 12(e) is comparison of the gap between
polymer brush structures below the LCST and above the
LCST. The gap between the polymer brush structures below
the LCST is higher than the gap between the brush struc-
tures above the LCST. Figure 12(f) is a contour plot of the
gap as a function of both the degree of polymerization and
initiator structure size for a density equal to 0.4. This plot
was used to prepare Table 2 which lists the value of the
gap (g) for a given degree of polymerization (N), density
(σ), and initiator structures size (x).

Table 2: Values of the gap (g) for a given degree of polymerization
(N), density (σ), and initiator structures size (x).

x (nm)
N g (nm)

σ = 0:2 σ = 0:4 σ = 0:2 σ = 0:4
1 150 400 325 9.6 6.3

2 200 550 450 7 1.0

3 300 850 675 1.7 1.5

4 400 1125 900 5 2.1

5 500 1400 1125 8.7 2.6

6 600 1700 1350 3.5 3.1

7 700 1975 1575 7 3.7

8 800 2275 1800 1.7 4.2

9 900 2550 2025 5.1 4.7

10 1000 2845 2250 1.7 5.3
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4. Conclusion

This paper showed that the steric repulsive force is affected
by patterning, and it depends on the initiator structure size.
Small polymer brush structures may not produce sufficient
repulsive force to protect the surface from fouling. The func-
tionality of smart nanopores or nanochannels is based on
the reversible expansion and collapse of responsive poly-
mers, which provides fouling character when collapsed and
antifouling when expanded. Therefore, when fabricating
switchable surfaces, it was shown that the minimum initiator
structure size has to be determined so that the polymer
structure retains its antifouling nature. The second parame-
ter was the excess width, especially for periodically arranged
polymer structures. It was shown that chains may overlap if
the gap between neighboring polymer brush structures is
small compared to the polymer chain length. Therefore, in
this work, it was indicated that determination of the gap is
essential when fabricating switchable surfaces.
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