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Photorenewable polymer adsorbents, aimed at reducing the low density lipoproteins (LDLs) level, are reported
experimentally. Previously we developed a mesoscale model for this setup with uniformly grafted chains, and
examined the role played by chains length and grafting density [Ilnytskyi, et al., Processes, 2023, 11, 2913].
The analysis is extended here to the cases of bunch-like and grid-like grafting micropatterns. The bunch-like
arrangement is the most efficient one displaying low- and high-density peaks for adsorbing effectiveness. The
former peak is twice higher compared with uniform grafting, as a consequence of a match between LDLs di-
mensions and the micropattern pitch. Adsorption isotherms are fitted well by either Langmuir or logistic growth
forms, indicating a higher growth rate compared with uniform grafting. The high-density peak exists only for
this micropattern and extends the applicability of an adsorbent. At the highest LDL concentration, adsorption is
hampered by self-assembly of LDLs into a packed cubic phase.
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1. Introduction

The excess of the LDL in blood plasma endangers the blocking of arteries and increases risk for
cardiovascular diseases [1–5]. The post factum remedy of blocked arteries is their stenting, but a preferable
preventive measure to avoid such conditions is a reduction of the LDL concentration in a blood. Besides
the medication by statins, ezetimibe, or fibrates, there is another approach, a hemoperfusion therapy,
which is gaining more interest. In a course of this therapy, LDLs are selectively adsorbed from the blood
by an external adsorbent, and then the purified blood is re-introduced back into the patient’s body [6].
Various types of the LDL adsorbents have been developed [1, 2, 7–11] with the main focus being their
high selectivity towards LDLs, adsorbing effectiveness, scalability, and preferably renewability for a
repeated usage.

Practical realizations of the selective LDL adsorbent include amphiphilic polymers [12, 13] and
biomimetic polymers [9], that are often grafted to a mobile carrier, e.g., magnetic nanoparticle [13].
Renewability requires controlling of the adsorbance level by means of an external stimulus [14]. The
examples of such systems, not necessarily related to the LDL, include: thermo- [15–17], magnetically-
[18] and photo-controllable [19] smart surfaces [20].

Recently, the photo-controllable LDL adsorbent has been developed which is characterised by high
selectivity to LDL and reusability [21, 22]. Its photo-controllability is achieved by incorporation of the
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azobenzene chromophores [23–25] into a polymeric structure. Modification of phospholipid molecules
by replacing one of its chains by azobenzene chromophore or embedding azobenzene into a phospholipid
membrane are known since at least 1980s–1990s [26, 27], and the interest to the photo-controllable
membranes exploded recently [28–31]. Under normal conditions (visible or no light), azobenzenes are in
their non-polar trans state, and mix well with the phospholipids from the external layer of the LDL, serving
as binding sites [21]. When illuminated by the UV light, azobenzenes photoisomerize into a polar cis state
causing unbinding LDLs and, hence, regeneration of an adsorbent. The initial tests of such adsorbent
allowed the photo-regeneration up to 97.9% of its initial capability after five adsorption/regeneration
cycles [21, 22].

This experimental setup motivated us to construct a closely related model that retains polymeric
architecture of a photo-controllable adsorbent and simplifies the structure of the LDL particle down to
a spherical core decorated by a layer of phospholipids [32]. The model is based on our previous studies
of the azobenzene-containing polymers and decorated nanoparticles [33–41]. Computer simulations,
performed via molecular dynamics, allowed us to clarify the interrelation between the internal structure
of a polymer brush and its binding strength. We found that, for each particular polymer length, there exists
an interval of grafting densities characterized by a relatively high binding strength [32]. This regime is
found in between the low grafting density case, characterized by insufficient number of azobenzenes to
bind LDLs; and the high grafting density case, where LDLs cannot be bound because of the high density
of a brush. Similar effects are found in some experimental works [42].

The aim of the current study is to examine the possibility of a further improvement of the adsorption
effectiveness (which includes both adsorption capacity and binding strength) by micropatterning the
adsorbent structure. The effect of micropatterning of various kinds is discussed in a large number
of applications, including adsorption of the LDLs [7, 43], functionalized nanoparticles [44], proteins
and cells [45–51], as well as in the related computer simulations studies [52, 53]. Micropatterned
smart surfaces can be manufactured via a range of approaches [54], namely: atom transfer radical
polymerization [44, 45, 55–58], combined also with ring-opening polymerization [59, 60]; light-excited
controllable radical polymerization [61]; photo-lithography [49, 62, 63]; microcontact printing and
surface-initiated polymerization [64]; block copolymer micelle lithography [46, 50], etc.

The aim of this study is to examine how the micropattern type and pitch affect the effectiveness
of a photo-controllable polymer adsorbent, with the ultimate aim to predict the setup with the highest
adsorption effectiveness. To this end, we extend the model with uniformly grafted chains, suggested by us
earlier [32], for the case of bunch-like and grid-like micropatterns of variable pitch. These are examined
for their adsorption effectiveness and compared against the adsorbent with uniformly grafted chains, at
the same grafting densities of polymer chains. We establish the combination of the micropattern type,
alongside with a set of related parameters for its structure, that leads to the highest effectiveness of the
LDL adsorption. The outline of this study is as follows. In section 2 we describe the coarse-grained model
for the micropatterned adsorbent and a LDL. Section 3 contains the results of computer simulations of
this model and examination of the adsorption effectiveness depending on the micropattern type, pitch,
grafting density, as well as the obtained adsorption isotherms. The study is finalised by conclusions.

2. Modelling details

We first consider modelling of the LDL. These are known to be heterogeneous in size and density, and
two general types, pattern A type, with the diameter 𝐷∗

LDL > 25.5 nm, and pattern B, 𝐷∗
LDL < 25.5 nm,

are clearly distinguished [65]. There are indications that the pattern B prevails in the blood of patients
with coronary artery disease [66–69], possibly because of their prolonged residence in plasma and,
consequently, a higher probability to be oxidized at the artery walls [70]. This type of the LDL, with
𝐷∗

LDL ≈ 20–23 nm [70], is the main target for selective adsorption. Experimentally, the spherical, discotic
and ellipsoidal shapes are reported [71–74]. One of the explanations for such discrepancy is the effect of
the temperature, namely, at cryogenic conditions, essentially non-spherical shapes are detected, whereas
at physiological temperatures, the LDLs appear more spherical in shape [75], and we assume this shape
in the current study.

Following the paradigm of a coarse-graining approach, we retain only the fragments that are directly
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Figure 1. (Colour online) (a) Schematic representation of the LDL composition, according to [76].
(b) Coarse-grained model of LDL comprising a central sphere (representing LDL core of cholesterol
esters and triacylglycerols) decorated by 100 elongated particles (representing external monolayer shell
of phospholipids). Unesterified cholesterols and apolipoprotein B-100 are not represented explicitly.

involved in the LDL adsorption. Based on the generally established view on the internal structure of the
LDL [76–79], it consists of the core containing cholesterol esters and triacylglycerols and an external shell
of phospholipids, cholesterols and Apolipoprotein B-100, see figure 1 (a). At the pre-adsorption stage,
the electrostatic interaction between the B-100 and specific groups of adsorbent play an important role
in getting them in contact. However, after the contact between the two is established, the main anchoring
effect came from the hydrophobic interactions between the phospholipids and hydrophobic groups of
adsorbent, i.e., trans-azobenzenes in the case of the experimental setup of [21]. The core of cholesterol
esters and triacylglycerols defines the general shape of the LDL but does not participate in adsorption
directly and, therefore, can be treated as a structureless sphere. In this way, the model LDL is reduced to the
class of decorated nanoparticles, and we exploit our previous experience in this area [33–41]. The diameter
of a core sphere is set at 2.14 nm. The outer shell of phospholipids, which participates in adsorption
directly, is modelled as a collection of spherocylinder particles with the diameter of their spherical cap
equal to 𝐷 = 0.37 nm and the length-to-breadth ratio of 𝐿/𝐷 = 3, yielding the spherocylinder length
of 𝐿 ≈ 1.5 nm. Thus, the diameter of a model LDL is 𝐷LDL ≈ 2.14 + 2 · 1.5 nm = 5.14 nm, four times
less than its real counterpart with the diameter 𝐷∗

LDL ∼ 20 nm. This brings us to the relation between the
model and the real life length scale of about 1 : 4. Following the more detailed coarse-grained model of
Murtola et al. [80], surface packing fraction of spherocylinders is about 𝜂 ≈ 0.79, which in our model is
achieved for the case of 100 phospholipids per each LDL.

The photo-controllable adsorbent is modelled as a micro-patterned brush of azobenzene-containing
polymers of the side-chain architecture [81–84]. Such polymers have been modelled on a coarse-grained
level in a number of our previous studies [33, 34, 37, 39]. In the current study, we consider polymers
with backbone lengths of 𝑙𝑏𝑏 = 6, 12, and 24 monomers represented by coarse-grained spherical beads
with the diameter 𝜎 = 0.46 nm, each mimicking a group of a few heavy atoms (carbon or oxygen) [85].
Each second monomer of a backbone serves as a branching point where a side chain, comprising a spacer
of two monomers and a terminating azobenzene, is attached, see figure 2. Photocontrollability of the
adsorbent is based on good miscibility of phospholipids with trans-isomers of azobenzene, and their
immiscibility with cis-isomers, whereas the difference between the shapes of isomers play much lesser
role. Therefore, we model both isomers by the same soft-core spherocylinder [35]. Another simplification,
which is justified on a coarse-grained level, is to use the model spherocylinder for azobenzene of the same
shape as the one used for a phospholipid. Azobenzenes are well known to integrate easily and effectively
into lipid membranes for their photo-controllability [26–31]. The difference in the hydrophobicity of
two azobenzene isomers is reflected in their respective interaction potentials with the phospholipids, as
discussed below. Alternatively, one may use mechanically switched force fields [86].

Each 𝑖 th bead of any type is characterized by its center of mass position, r𝑖 , whereas each sphero-
cylinder bead has additionally its orientation, given by a unit vector e𝑖 collinear with its long axis. Then,
in most general case, the mutual arrangement of two beads, 𝑖, 𝑗 , is characterised by the set of variables
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Figure 2. (Colour online) Coarse-graining of a single azobenzene-containing side-chain polymer. Each
spherical bead of a backbone (shown in red), and of a side-chain (in pink) contains 3-4 heavy atoms,
whereas an azobenzene chromophore is modelled via a single spherocylinder bead (shown in blue). The
grafted group of a backbone is shown schematically as a green bead.

q𝑖 𝑗 = {̂e𝑖 , ê 𝑗 , r𝑖 𝑗 }, where r𝑖 𝑗 = r𝑖 − r 𝑗 is the vector connecting their centers. For spherical beads, the
orientations are omitted. Following Kihara [87, 88], we treat all beads as convex bodies with an internal
core, and evaluate the closest separation, 𝑑 (q𝑖 𝑗 ), between the cores of two interacting beads.

The principal mechanism for binding LDLs to a polymer brush is attraction between their respective
phospholipids and trans-azobenzenes. This is the only attractive non-bonded interaction in our model, for
which we employed the Lintuvuori and Wilson soft-core interaction potential [89], which can be written
in the dimensionless form as

𝑉SAP
NB [𝑑′ (q𝑖 𝑗 )] =


𝑈
{
[1 − 𝑑′ (q𝑖 𝑗 )]2 − 𝜖 ′ (q𝑖 𝑗 )

}
, 0 ⩽ 𝑑′ (q𝑖 𝑗 ) < 1

𝑈
{
[1 − 𝑑′ (q𝑖 𝑗 )]2 − 𝜖 ′ (q𝑖 𝑗 )
− 1

4𝜖 ′ (q𝑖 𝑗 ) [1 − 𝑑′ (q𝑖 𝑗 )]4}, 1 ⩽ 𝑑′ (q𝑖 𝑗 ) ⩽ 𝑑′𝑐

0, 𝑑′ (q𝑖 𝑗 ) > 𝑑′𝑐,

(2.1)

where 𝑈 is the repulsion strength and defines the energy scale, 𝑑 (q𝑖 𝑗 ) is the closest separation between
the phospholipid and azobenzene cores, 𝑑′ (q𝑖 𝑗 ) = 𝑑 (q𝑖 𝑗 )/𝐷 is its dimensionless counterpart. The
dimensionless, angle-dependent shift of this potential

𝜖 ′ (q𝑖 𝑗 ) =
{
4
[
𝑈′
𝑎 − 5𝜖 ′1𝑃2 (̂e𝑖 · ê 𝑗 ) − 5𝜖 ′2

(
𝑃2 (̂r𝑖 𝑗 · ê𝑖) + 𝑃2 (̂r𝑖 𝑗 · ê 𝑗 )

)]}−1
(2.2)

is obtained from the condition, that both the expression (2.1) and its first derivative with respect to
𝑑′ (q𝑖 𝑗 ) turn to zero when 𝑑′ (q𝑖 𝑗 ) = 𝑑′𝑐, where 𝑑′𝑐 = 1 +

√︁
2𝜖 ′ (q𝑖 𝑗 ) is the cutoff separation for the

potential [89]. Here, r̂𝑖 𝑗 = r𝑖 𝑗/𝑟𝑖 𝑗 ,𝑈′
𝑎, 𝜖 ′1, and 𝜖 ′2 are dimensionless parameters that define its well depth,

𝜀, and 𝑃2(𝑥) = (3𝑥2 −1)/2 is the second Legendre polynomial. 𝜀 is defined as 𝜖 ′ (q𝑖 𝑗 ) for the side-to-side
parallel arrangement between the interacting phospholipid-azobenzene pair

𝜀 = 𝑈
[
4(𝑈′

𝑎 − 5𝜖 ′1 + 5𝜖 ′2)
]−1

. (2.3)
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All other pairs of beads interact via soft-core repulsive non-bonded potential

𝑉SRP
NB [𝑑′ (q𝑖 𝑗 )] =

{
𝑈

[
1 − 𝑑′ (q𝑖 𝑗 )

]2
, 0 ⩽ 𝑑′ (q𝑖 𝑗 ) ⩽ 1,

0, 𝑑′ (q𝑖 𝑗 ) > 1,
(2.4)

that is used typically in the dissipative particle dynamics simulations [90]. The dimensionless closest
separation between 𝑖 th and 𝑗 th beads is introduced as 𝑑′ (q𝑖 𝑗 ) = 𝑑 (q𝑖 𝑗 )/𝜎𝑖 𝑗 , where 𝜎𝑖 𝑗 = (𝜎𝑖 + 𝜎𝑗 )/2
for two spheres of respective diameters 𝜎𝑖 and 𝜎𝑗 , and 𝜎𝑖 𝑗 = (𝜎𝑖 + 𝐷)/2 for the case when 𝑗 th bead is a
spherocylinder.

The total bonded interactions within the brush and within each LDL, respectively, are given as

𝑉BR
B =

𝑁BR∑︁
𝑘=1


𝑛′
𝑏∑︁
𝑖=1

𝑘𝑏 (𝑙𝑖 − 𝑙0)2 +
𝑛′𝑎∑︁
𝑖=1

𝑘𝑎 (𝜃𝑖 − 𝜃0)2 +
𝑛′𝑧∑︁
𝑖=1

𝑘𝑧 (𝜁𝑖 − 𝜁0)2
 , (2.5)

𝑉LDL
B =

𝑁LDL∑︁
𝑘=1


𝑛′′
𝑏∑︁
𝑖=1

𝑘𝑏 (𝑙𝑖 − 𝑙0)2 +
𝑛′′𝑧∑︁
𝑖=1

𝑘𝑧 (𝜁𝑖 − 𝜁0)2
 , (2.6)

where 𝑁BR is the total number of polymer chains in a brush, and 𝑁LDL is the number of LDL particles,
𝑛′
𝑏
, 𝑛′𝑎, and 𝑛′𝑧 are the numbers of bonds, branching angles, and terminal angles in a single polymer

molecule, and 𝑛′′
𝑏

and 𝑛′′𝑧 are the numbers of bonds and terminal angles in a single LDL. The bonds
within LDL particles maintain an external phospholipid layer at a certain separation from the core center.
The energy term involving the branching angles, 𝜃𝑖 , in (2.5) ensures orthogonality of side chains to a local
orientation of a backbone at the branching points. Similarly, correct angle, 𝜁𝑖 , between the orientation of
a spherocylinder and the bond by which it is connected to a spherical bead, is ensured in (2.5) and (2.6)
by the respective, 𝜁𝑖-dependent, energy term [91].

The shape of both types of non-bonded interaction potentials, 𝑉SAP
NB and 𝑉SRP

NB , are illustrated in
figure 3. The 𝑉SAP

NB potential is shown at several attraction strengths, given by the magnitude of its well
depth, 𝜀, see (2.3), in units of 𝑘B𝑇 .
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Figure 3. (Colour online) The shape of the repulsive potential, 𝑉SRP
NB (marked as “SRP”), and that of the

attractive potential, 𝑉SAP
NB (marked as “SAP”), at various well depths, 𝜀, in units of 𝑘B𝑇 .

3. Results

We start from the choice for the attractive potential well depth, 𝜀, see (2.3) and figure 3. In our
previous work [32], we used the set of parameters for the 𝑉SAP

NB potential representing the “model A”
in [89], the interaction potential also used in our previous studies [36–41]. However, it is characterized by
a relatively deep well width of 𝜀 = 6𝑘B𝑇 . The interaction as strong may turn adsorption of each LDL into
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an irreversible event, thus hampering equilibration of the system, especially for the case of a patterned
brush.

To clarify this issue, we perform a series of simulations for the setup of [32] with the well depths
ranging from 𝜀 = 2 𝑘B𝑇 to 6 𝑘B𝑇 . The simulation box of the dimensions 𝐿𝑥 = 𝐿𝑦 = 12.5 nm and
𝐿𝑧 = 20 nm contained a total number of 𝑁ch = 108 polymers uniformly grafted on both of 𝑧 = 0 and
𝑧 = 𝐿𝑧 walls, yielding dimensionless polymer grafting density of 𝜌𝑔 = 𝑁𝑝𝜎2/(2 𝐿𝑥 𝐿𝑦) ≈ 0.73 on each
wall. The number of LDLs is 𝑁LDL = 18, and these are initially arranged at the middle of the simulation
box. Throughout the simulations, we focused on the time evolution of the fraction 𝑓bind = 𝑁bind/𝑁LDL of
binded LDLs.

The results are shown in figure 4. At a shallow well depth, 𝜀 ⩽ 2 𝑘B𝑇 , the fraction 𝑓bind fluctuates
strongly, indicating reversible binding of LDLs. However, the stationary state is characterized by a rather
low value, 𝑓bind ∼ 0.2, in this case. On the contrary, at 𝜀 ⩾ 3 𝑘B𝑇 , the stationary state for the fraction
is high, from 0.6 to 0.8, but the time evolution is strictly monotonic, indicating irreversible binding of
LDLs. The intermediate case, 𝜀 = 2.5 𝑘B𝑇 , seems to be a good compromise both displaying sufficiently
high value of 𝑓bind ≈ 0.4, and the reversibility of the LDL binding.
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Figure 4. (Color online) Time evolution of the fraction 𝑓bind = 𝑁bind/𝑁LDL of bound LDLs at different
well depth 𝜀 of the phospholipid-azobenzene interaction. The system setup followed that of [32].

As pointed out above, the main goal of this study is to examine the effect of spatial micropatterning
of an adsorbent, and the set of micropatterns used here is illustrated in figure 5. To avoid the picture
clogging, each grafted side-chain polymer is shown by a wavy curve representing its backbone. The
micropatterns examined include: an uniform brush, figure 5 (a), a bunch-like micropattern, figure 5 (b),
and a grid-like micropattern, figure 5 (c). The uniform brush, as the name suggests, contains 𝑁𝑝 = 104
polymers uniformly grafted to both walls. Both micropatterns, (b) and (c), are based on a square lattice of
3×3 sites with the lattice constant 𝑑, the lattice sites are shown in figure 5 as green discs. In the bunch-like
micropattern, (b), a group of 6 polymers are grafted to a single lattice site forming a “bunch" that can
also be interpreted as a single star-like polymer grafted by its central bead. The total number of grafted
polymers is 𝑁𝑝 = 108. In the grid-like pattern, (c), polymers are grafted along the lines connecting lattice
sites with their total number of 𝑁𝑝 = 90.
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d d
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Figure 5. (Colour online) Grafting micropatterns considered in this study. (a) Uniform brush case;
(b) bunch-like micropattern using regular grid points (shown as green discs); (c) grid-like micropat-
tern with polymers evenly grafted along the lines connecting grid points. Characteristic pitch of the
micropatterns (b) and (c) is denoted as 𝑑.

3.1. Adsorption effectiveness depending on the polymer length, spatial pattern, and
grafting density at constant LDL concentration

The aim of this subsection is to examine the differences in adsorption effectiveness for the azobenzene-
containing brush with various polymer lengths, grafting densities and micropatterns. To this end, we use
the following protocol. The number of LDL particles, 𝑁LDL, is chosen first. Then, we evaluate the total
area of a substrate, 𝐴 = 2𝐿𝑥𝐿𝑦 (of both bottom and top sides), such that the LDL particles could form a
hexagonal lattice with maximum possible packing fraction of 𝑓 = π/

√
12,

𝐴 𝑓 = 𝑁LDLπ𝑅
2
LDL, (3.1)

where 𝑅LDL = 𝐷LDL/2 ≈ 2.57 nm. Expression (3.1) defines the simulation box dimensions 𝐿𝑥 and 𝐿𝑦
such that 2𝐿𝑥𝐿𝑦 = 𝐴. The box height, 𝐿𝑧 = 20 nm, is fixed. By this choice, the volume fraction of
all LDLs, 𝑓LDL = 𝑁LDL𝑣LDL/𝑉 = 2 𝑓 𝑣LDL(π𝑅2

LDL𝐿𝑧)
−1 is the same in all simulation runs, since it is

independent of 𝑁LDL. Here, 𝑣LDL = 20.18 nm3 is an estimated volume of a single model LDL, according
to the dimensions of its constituents as given in section 2. For each 𝑁LDL, the coordinates of grafting
points are obtained by affine deformation of the respective micropattern shown in figure 5, onto the walls
with the total area of 𝐴. This means a distribution of the same total polymer mass over a smaller or larger
substrate area. It is quantified by the polymer surface density

𝜌𝑝 =
𝑁𝑝𝑚𝑝

𝐴
=
𝑁𝑎 (4𝑚1 + 𝑚2)

𝐴
= 𝜌𝑎 𝛼, (3.2)

where 𝑁𝑝 is the total number of grafted side-chain polymers, 𝑚𝑝 is the mass of a single side-chain
polymer, 𝑁𝑎 is the total number of azobenzenes in all grafted polymers. We also note that the number of
spherical beads with a mass 𝑚1 is four times larger than the number of azobenzenes with the mass 𝑚2,
see figure 2. Therefore, 𝑁𝑝𝑚𝑝 = 𝑁𝑎 (4𝑚1 +𝑚2), we split 𝜌𝑝 in (3.2) into the dimensionless azobenzenes
grafting density, 𝜌𝑎, and a model-dependent factor, 𝛼

𝜌𝑎 = 𝑁𝑎𝐷
2/𝐴, 𝛼 =

4𝑚1 + 𝑚2

𝐷2 , (3.3)

The adsorbent is traditionally characterized by its adsorption capacity

𝑞 = 𝑁bind
𝑚LDL
𝑁𝑝𝑚𝑝

, (3.4)

where 𝑚LDL is the mass of a single LDL. Adsorption capacity per unit area, 𝑞/𝐴, can be represented as
𝑞

𝐴
= 𝑐 𝛽, (3.5)

where we introduced the reduced adsorption capacity, 𝑐, and respective model dependent factor, 𝛽, as

𝑐 = 1000 𝑓bind/𝑁𝑎, 𝛽 =
𝑓 𝑚LDL

1000 π𝑅2
LDL(4𝑚1 + 𝑚2)

. (3.6)
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A scaling factor of 1000 is introduced to bring the working range of 𝑐 away from very small numbers.
Another important property of interest is the LDL binding strength, which is the sum of all binding

energies, 𝑉𝑖 𝑗 < 0, between the phospholipid-azobenzene pairs ⟨𝑖, 𝑗⟩ per single bound LDL,

𝐸bind =
𝑉bind
𝑁bind

, 𝑉bind =

������∑︁⟨𝑖, 𝑗 ⟩ 𝐻 (
−𝑉𝑖 𝑗

)
𝑉𝑖 𝑗

������ , (3.7)

where𝐻 (𝑥) is the Heaviside step function, and the expression for the phospholipid-azobenzene interaction
energy, 𝑉𝑖 𝑗 = 𝑉SAP

NB , is given by (2.1).
It also makes sense to combine the reduced adsorption capacity and the binding strength into a single

characteristic, which can be termed as an adsorption effectiveness

𝑄 = 𝑐 𝐸bind = 1000
𝑓bind
𝑁𝑎

𝑉bind
𝑁bind

= 1000
𝑉bind

𝑁LDL𝑁𝑎
. (3.8)

It is plotted in figure 6 as the function of grafting density, 𝜌𝑎. Three backbone lengths, 𝑙𝑏𝑏 = 6, 12,
and 24, are examined, and all three patterns, introduced in figure 5, are analysed in each case. Here, we
note two principal features. The first one is that an essential difference between three grafting patterns
is observed for the case of the shortest backbone, 𝑙𝑏𝑏 = 6, only, see figure 6 (a). In this case, the values
of 𝑄 for the bunch-like pattern are almost always higher than these for the two remaining patterns, and
display two distinct maxima. At the low density maximum, at 𝜌𝑎 ≈ 0.13, the bunch-like pattern is twice
more effective than a uniform one, and 1.5 times than the grid-like pattern. The high density maximum,
𝜌𝑎 ≈ 0.28, is distinct for the bunch-like pattern, and is absent in two other cases. The values for 𝑄 for
the grid-like and uniform patterns overlap at larger densities, 𝜌𝑎 > 0.16, whereas around the density
of 𝜌𝑎 ≈ 0.1, grid-like pattern is about 1.4 times more effective. This feature indicates an essential role
played by the spatial structuring of a brush in the effectiveness of the LDL binding for the short backbones
case. This effect is reduced for the case of longer backbone, 𝑙bb = 12, see figure 6 (b), and completely
disappears for 𝑙bb = 24, see figure 6 (c). This can be explained by decorrelation between the structure of
the top surface of a brush, which serves as the adsorbing surface for LDL, and the grafting micropattern
on a substrate for sufficiently long chains.
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Figure 6. (Colour online) Adsorbent effectiveness, 𝑄, see (3.8), vs. dimensionless azobenzenes grafting
density, 𝜌𝑎, see (3.2). Three grafting patterns, introduced in figure 5, are compared side-to-side in each
plot. (a), (b), and (c) represent the cases of the backbone length of 𝑙𝑏𝑏 = 6, 12, and 24, respectively.

33801-8



Adsorption of LDL on micropatterned brush

The second feature is an essential decrease of the adsorption effectiveness, 𝑄, with the increase of
the backbone length from 𝑙bb = 6 to 12 and then further to 24. This effect can be explained by the fact
that only the utmost layer of a brush adsorbs LDLs. Therefore, the total binding energy, 𝑉bind, stays
approximately the same with increase of 𝑙bb, whereas 𝑁𝑎 grows up, thus decreasing𝑄, according to (3.8).

3.2. Analysis of the spatial arrangement of adsorbed LDLs

Because of the highest effectiveness of the adsorbent comprising short chains, 𝑙bb = 6, and the
strongest influence of the grafting micropatterning for such a brush, we consider this case more in detail.
Given the non-monotonous behaviour of 𝑄 in the case of the bunch-like pattern, see figure 6 (a), one
expects that this pattern provides means for some energetically favorable arrangements of LDLs relatively
to the grafted bunches of chains. To verify this scenario, we split all possible relative positions of LDLs
into four types. Relative positions for LDL, classified as the arrangements of the types 1, 2, and 4, are
shown in figure 7 (a); all the rest LDL positions belong to the type 3 arrangement. Sorting of LDLs is
performed by splitting the substrate into colored regions built upon the lattice sites with grafted bunches,
as shown in figure 7 (b). Respective areas for all types of arrangements are designated in the plot. The
split is built in such a way that the areas occupied by each arrangement type are the same.

1 2 4

(a)

1
2

4

3

(b)

Figure 7. (Colour online) (a) Definition of the LDL arrangement types 1, 2, and 4. (b) Split of a substrate
with grafted polymers into colored regions of equal total area to sort all LDLs according to their
arrangement type. Grafted polymer beads are shown via small green circles.

Such a split enables us to monitor partial reduced adsorbing capacities, 𝑐𝑘 , partial binding strengths,
𝐸bind,𝑘 , and partial adsorbent effectivenesses,𝑄𝑘 , of each 𝑘th type of arrangement. Such plots are shown
in figure 8, where we compare these characteristics obtained for the case of a bunch-like pattern, plots (a),
(b), and (c), with their counterparts for the grid-like pattern, plots (d), (e), and (f). The case of an uniform
pattern is trivial and produces the same curves for all 𝑘th arrangement types, within statistical accuracy
and is not shown. Comparison between bunch-like and grid-like patterns reveals much similarity, in
particular, the prevailance of partial contributions from the arrangement type 4 at low values of 𝜌𝑎 ⩽ 0.2.
For higher azobenzenes grafting densities, 𝜌𝑎 > 0.25, the partial contributions from all arrangement
types are comparable in their magnitude. The shapes of the curves for 𝑐4, 𝐸bind,4, and 𝑄4 at 𝜌𝑎 ⩽ 0.2 for
these two patterns differ, and the ones for the bunch-like pattern are narrower. The maxima, achieved by
𝐸bind,4 and 𝑄4, are also visibly higher for the case of bunch-like pattern. This effect can be explained by
the presence of the areas with very high local grafting density for the case of bunch-like pattern. Then,
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a narrow interval, 0.09 < 𝜌𝑎 < 0.15, for the characteristic pattern pitch, 𝑑 = (𝐷/3)
√︁
𝑁𝑎/(2𝜌𝑎), exists

where both 𝑐4 and 𝐸bind,4 display sharp narrow maxima, see figure 8 (a) and (b). This results in sharp
narrow maxima for 𝑄4, see figure 8 (c). The sharp maximum for 𝑄4 at about 𝜌𝑎 < 0.15, is observed
at the pattern pitch of 𝑑 ≈ 4.1 nm = 0.8𝐷LDL. For the case of grid-like pattern, distribution of grafting
points is much more uniform, resulting in the spread of the bell-like shapes for both 𝑐4 and 𝐸bind,4 over
a wider interval of 0.02 < 𝜌𝑎 < 0.2. The resulting shape of the 𝑄4 curve in this case has a flat top
region spanning from 𝜌𝑎 = 0.05 to 0.15. These densities are translated into the pattern pitches from
𝑑 = 3.75 nm = 0.73𝐷LDL to 6.5 nm = 1.26𝐷LDL. Therefore, this pattern is found to be effective in a
wider interval of grafting densities, but exhibits a lower maximum effectivity compared to the case of
bunch-like pattern.
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Figure 8. (Colour online) Partial reduced adsorbing capacities, 𝑐𝑘 , binding strengths, 𝐸bind,𝑘 , and adsor-
bent effectivenesses, 𝑄𝑘 , for each 𝑘th type of arrangement of LDLs, see figure 7, the case of 𝑙𝑏𝑏 = 6.
(a), (b), and (c) are for the case of bunch-like pattern; (d), (e), and (f) are for the case of grid-like pattern.

We note that both micropatterns, considered here, display quite similar heights of the maxima for 𝑐4,
see figure 8 (a) and (d). Higher values for the adsorption effectiveness, 𝑄4, for the bunch-like pattern,
see plots (c) and (f) of the same figure, are attributed then to the higher maxima heights for 𝐸bind,4, see
figure 8 (b) and (e). One should also note a higher contribution from 𝐸bind,2 for the case of a bunch-like
pattern. Hence, at the optimum grafting densities, bunch-like pattern provides approximately the same
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adsorbing capacity as grid-like pattern, but stronger binding of LDLs. The predominant contribution
from the LDLs arrangement 4 indicates that LDLs are “nesting” in between four bunches. One may
suggest that a careful choice for a bunch-like micropattern pitch, 𝑑, may provide the mechanism for
the dimension-based separation of the LDLs from the high density lipoproteins. Exact positions for
grafting points could be difficult or costly to control experimentally, but one may be able to choose a
particular grafting density which is characterized by the average separation between the bunches close to
the required value of 𝑑.

The origin of the high density peak for the adsorption efficiency, 𝑄, observed at 𝜌𝑎 ≈ 0.28 for
a bunch-like micropattern in figure 6 (a), cannot be attributed to a prevalence of any particular LDLs
arrangement type. As follows from figure 8, it is observed mainly in the behavior of 𝐸bind,𝑘 , see frame (b).
All four types of arrangement are found to contribute approximately equally, and their contributions are
summed up. The grid-like micropattern does not have this feature.

The photoregeneration of the adsorbent occurs when the latter is illuminated by an ultraviolet
light [21]. In this case, the azobenzenes photo-isomerize into the polar cis-state, and this isomer does not
attract phospholipids. In the realms of our model, this means that the phospholipid-azobenzene attractive
potential, (2.1), is replaced by the soft repulsive potential, (2.4). As a result, LDLs are gradually desorbing
until free in bulk. This process is independent of the adsorbent micropatterned and is described in detail
in our previous work [32], and, therefore, is not repeated here.

3.3. Adsorption isotherms

Previous sections cover computer simulations of the azobenzene-containing adsorbent at various
surface densities, but at fixed concentration of LDLs. We found that the bunch-like grafting pattern of
short polymers with 𝑙bb = 6 at the azobenzenes grafting density around 𝜌𝑎 = 0.12 is characterized by
the highest adsorption effectiveness, 𝑄, see figure 6. The reason for this is the prevalence of specific
arrangement of LDLs with respect to the micropattern, see figures 7 and 8. In this section we fix both 𝑙bb
and 𝜌𝑎 for the adsorbent, and cover a wide range for the LDLs concentrations. This allows to compare
the adsorption isotherms between the bunch-like and uniform grafting patterns. The simulation box
dimensions are fixed at 𝐿𝑥 = 𝐿𝑦 = 13.5 nm and 𝐿𝑧 = 20 nm, the backbone length is 𝑙bb = 6, and the
resulting azobenzenes grafting density is 𝜌𝑎 = 0.12. The number of LDLs is varied from 𝑁LDL = 2 to
32, resulting in the volume fractions of 0 < 𝑓LDL < 0.18.

Since the molecular weight of a polymeric adsorbent is the same for all considered 𝑓LDL, adsorption
capacity 𝑞, (3.4), changes only with the number of bound LDLs, 𝑁bind. In this case, adsorption isotherms
can be expressed as the functional dependencies of 𝑁bind on 𝑓LDL. For the case of the bunch-like pattern,
we also evaluate 𝑁123 =

∑3
𝑘=1 𝑁bind,𝑘 , the contribution to 𝑁bind from the spatial arrangements of LDLs

of the types 1, 2, and 3, see figure 7. The datapoints for 𝑁bind for the case of the bunch-like and uniform
patterns are compared in figure 9 (a). There are two regimes in both cases: (i) ascending regime, and
(ii) descending regime. In ascending regime, there is no LDLs crowdiness, and 𝑁bind can be fitted
reasonably well by the widely used Langmuir form, which is valid for a single adsorption layer and an
uniform adsorbing surface

𝑁bind ≈ 𝑁max 𝐾 ( 𝑓LDL − Δ)
1 + 𝐾 ( 𝑓LDL − Δ) . (3.9)

Here 𝑁max is some extrapolated maximum, 𝐾 is the Langmuir adsorption constant, and Δ = 0.011 is
the threshold volume fraction at which adsorption is started to be observed. Its non-zero value must be
attributed to a highly dynamic binding/unbinding cycles, as evidenced by the fluctuations of total binding
energy 𝑉bind, see figure 9 (c). Unbinding must be dominating at a very low volume fraction of LDLs
because binding is a rare event in this case. Fitting data to this form yields 𝐾 = 15.8 for the bunch-like,
and 𝐾 = 7.45 for the uniform grafting patterns. We do not observe some firm indication of structural
changes in the adsorption isotherm, except for some local “zig-zag” at around 𝑓LDL ≈ 0.09.

As far as the adsorbing area of a brush is finite, the number of bound LDLs, 𝑁bind, eventually saturates.
This reminds the population growth models, [92, 93] where individuals compete for the live resources.
It is logical, therefore, to assume that the time evolution for 𝑁bind may follow the solution for this type of
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Figure 9. (a) Adsorption isotherms, in terms of 𝑁bind as the function of 𝑓LDL, for both bunch-like
and uniform patterns (as indicated in the plot), 𝑁123 is explained in the text. Fits of the data to the
Langmuir and logistic growth forms are shown via dashed color curves (as indicated in the plot). (b)
The same for the adsorption effectivity, 𝑄, but no fitting is provided in this case. Vertical dashed lines:
black line at 𝑓LDL ≈ 0.09 is the fixed LDL volume fraction in sections A and B; blue and magenta
lines, at 𝑓LDL ≈ 0.155 and 0.177, respectively, mark the end of the ascending and descending regimes,
respectively. (c) Fluctuations of the total binding energy,𝑉bind, along the time trajectory, at various 𝑓LDL.

models, namely, the logistic growth function, which can be written in our case as

𝑁bind ≈ 𝑁 ′
max

1 − e−𝐾 ′ (𝑥−Δ)

1 + e−𝐾 ′ (𝑥−Δ) . (3.10)

As a result of the fit, the following values for the logistic growth rate, 𝐾 ′, are found: 𝐾 ′ = 32.5 for
the bunch-like, and 𝐾 ′ = 24.4 for the uniform grafting patterns. For both types of fits, equations (3.9)
and (3.10), the respective constants 𝐾 and 𝐾 ′ for the bunch-like pattern are essentially higher than their
counterparts for the uniform pattern. The results for both types of fits are shown in figure 9 (a) via dashed
lines and are marked accordingly. We also note that, for the bunch-like micropattern, the contribution
𝑁123 from the arrangement types 1, 2, and 3 to 𝑁bind is negligibly small. Hence, almost all contributions
to 𝑁bind are provided by the spatial arrangement of LDLs of the type 4.

We also show a similar plot for the adsorption effectiveness, 𝑄, see figure 9 (b). Contrary to the
behavior of 𝑁bind, the dependence of 𝑄 is found to be rather flat in a whole ascending regime. Typical
values for𝑄 for the bunch-like pattern are about twice higher than these for the uniform pattern, throughout
all this interval. A black dashed vertical line in both frames of figure 9 indicates the LDL volume fraction,
𝑓LDL ≈ 0.09, for which the simulations are performed in previous sections, A and B. One may note that the
local “zig-zag” occurs at exactly this volume fraction as well, but most likely this is a mere coincidence.
The other two vertical dashed lines, blue and magenta, indicate the end of the ascending and descending
regimes, respectively, for the bunch-like micropattern.

In the descending regime, which is observed at sufficiently high 𝑓LDL, 𝑁bind decays monotonously.
For the uniform grafting pattern, this occurs at about 𝑓LDL > 0.125, whereas for the grid-like grafting
density: at 𝑓LDL > 0.155. In contrast to this behavior, adsorption effectiveness, 𝑄, drops to zero rather
abruptly at 𝑓LDL ≈ 0.145 and 𝑓LDL ≈ 0.17, respectively.

To examine the details of the LDLs arrangement, we built the density profiles, 𝑛LDL(𝑧), for the LDLs
centers of mass along the 𝑂𝑍 axis. The profiles are averaged over the last 40 ns of the simulations. The
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case of a bunch-like micropattern is considered at characteristic volume fractions, 𝑓LDL = 0.155 and
0.177, each marks the end for an ascending and descending regime, respectively. These are shown in
figure 10 (a) and (b). Two sharp peaks in figure 10 (a) reflect two dense immobilized layers of bound
LDLs, whereas 𝑛LDL(𝑧) is uniformly smeared for all 𝑧 in between them, reflecting high diffusivity of
LDLs in a bulk during the time of observation. Figure 10 (b) shows four equally separated maxima of the
same height indicating the formation of four layers. These findings are supported by two representative
snapshots for both cases, as shown in figure 10 (c) and (d). While the arrangement of LDLs in a bulk in
the frame (c) is rather loose, the frame (d) shows a highly ordered bulk cubic phase. It competes with the
LDLs adsorption, and should be the main reason for its disappearance in this volume fraction of LDLs.
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Figure 10. (Colour online) (a) Density profile, 𝑛LDL (𝑧), for the LDLs centers of mass along the 𝑂𝑍
axis at the LDLs volume fraction of 𝑓LDL = 0.155 (the end of an ascending regime for a bunch-like
micropattern). (b) the same at 𝑓LDL = 0.177 (the end of a descending regime for the same micropattern).
(c) Snapshot of the LDLs arrangement for the case (a), (d) the same for the case (b).

The situation is very similar for the case of an uniform micropattern (not shown). The crossover
between the ascending and descending regimes occurs at a lower fraction of 𝑓LDL ≈ 0.125, whereas
the descending regime terminates at about 0.155. These values are about 1.2 times lower than their
counterparts for the case of a bunch-like micropattern. This can be explained by the larger volume
accessible to LDLs in the latter case because of the presence of “nests” (arrangement type 4). These are
absent for the case of an uniform pattern, in which case the brush thickness is non-zero and uniform
throughout the adsorbing area. Our estimates made from the density profiles, 𝑛LDL(𝑧), built for both
micropatterns support this simple explanation.

Conclusions

Reducing the risk for cardiovascular diseases is one of the top priorities in medicine, affecting not only
the health well-being, but the very sustainability of human lives. One of the factors that increases such a
risk is the excess concentration of the LDLs in blood plasma. Hemoperfusion therapy, based on selective
adsorption of LDLs outside the patient’s body and its reintroduction back into veins, provides a strong
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alternative to the pharmacy-based medication using statins, ezetimibe, or fibrates, especially when such
usage leads to strong side-effects. The main requirements to the adsorbent, involved in hemoperfusion,
are as follows: the selectivity to LDL, effectiveness, low cost, and, preferably, reusability. The photo-
controllable LDL adsorbent has been recently, developed which possesses these properties. It comprises
spherical particles decorated by the azobenzene-containing polymer brush. Under normal conditions
(visible or no light), the azobenzenes are in their hydrophobic trans isomeric state, and form physical
bonds with phospholipids from the external layer of LDLs due to a strong van der Waals hydrophobic
interaction. Under ultraviolet light, azobenzenes photo-isomerize into a highly polar cis state, resulting in
breakage of these bonds and releasing LDLs free. In this way, the adsorbent is cleaned and can be reused
repeatedly. Experimental studies report the photo-regeneration up to 97.9% of its initial capability after
five adsorption/regeneration cycles [21, 22].

In our previous study [32], we developed simplified mesoscopic models for both LDL and the
azobenzene-containing polymer brush. Only the atomic groups that are directly involved in adsorp-
tion (phospholipids, azobenzenes, and the monomers of polymeric molecules) are described explicitly,
whereas the LDL core is replaced by a structureless sphere. The uniformly grafted brush case was con-
sidered only, and the model length scale is reduced fourfold compared to real dimensions. Molecular
dynamics simulations at constant LDL concentration and variable polymer lengths and grafting densi-
ties reveal that, for each particular polymer length, there exists an interval of optimal grafting densities
characterized by a relatively high magnitude of the binding energy of LDLs [32], in agreement with
some experimental works [42]. The current study extends both the adsorbent setup and the analysis of
the adsorption process in a number of ways.

First of all, we focus on the strength of the phospholipid-azobenzene attraction, which drives LDL
binding. The optimal choice for the well depth of this interaction is found to be about 𝜀 = 2.5𝑘B𝑇 , in
which case the binding of LDLs is reversible, allowing to reach a non-zero stationary concentration of
the bound LDLs.

We consider three distinct grafting patterns of azobenzene polymers in a brush, namely: bunch-like,
grid-like, and an uniform pattern. These can be manufactured via a range of processes [54] and have a
profound effect on adsorption of LDLs [7, 43], as well as other macromolecules [44–51]. We introduce
the adsorption effectiveness, 𝑄, as the product of the adsorption capacity per unit area, 𝑐 = 𝑞/𝐴, and
binding energy per single LDL, 𝐸bind. In this way, 𝑄 combines both adsorption capacity and strength
in a single characteristic. At a constant LDL concentration, just enough to cover all adsorbent area, 𝑄
is monitored in a wide range of azobenzenes surface densities, 𝜌𝑎. For all three grafting patterns, 𝑄
decreases with the increase of the polymer length. It is explained by the fact that the increase of the
adsorbent mass does not lead to an increase of the number of bound LDLs, as only the top layer of a brush
functions as an adsorbing surface. Therefore, our further analysis is focused on the case of the shortest
polymers with the backbone length of 𝑙bb = 6 monomers. In this case, all three patterns display the sharp
peak at 𝜌𝑎 ≈ 0.1, but its height for the grid-like and bunch-like patterns is larger by one-third and about
twice, respectively, than the height for an uniform brush. Besides that, in the case of a bunch-like pattern,
another broad and relatively broad peak for 𝑄 is observed at about 𝜌𝑎 ≈ 0.3, whereas for two other
patterns the values of 𝑄 in this density interval are close to zero. This factor extends the usability of the
bunch-like pattern to the region with higher azobenzene surface density.

To clarify the difference between the adsorption effectiveness, 𝑄, at 𝜌𝑎 ≈ 0.1 for the bunch-like and
uniform patterns, we performed the analysis of the partial contributions to 𝑐 and 𝐸bind, originated from
different arrangement types of LDLs, 1 − 4, with respect to the grid of grafting points. The cause of the
sharp peak for 𝑄 at 𝜌𝑎 ≈ 0.12 for a bunch-like pattern is the prevalence in this case of the arrangement
of type 4, when each LDL is located at the middle of a square formed by four grafting points. The peak
at 𝜌𝑎 ≈ 0.3 is characterized by a more even presence of all arrangement types, 1 − 4. Their partial
contributions are summed up to form a second peak for 𝑄. For the case of a uniform pattern, all partial
contributions are approximately equal, as expected.

The adsorption isotherm is constructed at specific conditions, 𝑙bb = 6, 𝜌𝑎 = 0.12, in which case
the adsorption effectiveness of a bunch-like arrangement is the highest. The volume fraction of LDLs,
𝑓LDL, varies from 0 to 0.18. Adsorption isotherms exhibit the lower density ascending regime, and higher
density descending regime. The former is fitted well by either the Langmuir or logistic growth forms,
providing the adsorption constant and the growth rate, respectively. Both fits indicate higher values for
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these characteristics for the bunch-like pattern compared with the uniform pattern, the increase is from
33% to 100%. On the contrary, the shape of 𝑄, as the function of 𝑓LDL, has a wide plateau region at
middle values of 0.05 < 𝑓LDL < 0.14, with the values for 𝑄 for the bunch-like pattern about twice larger
than the ones for the uniform pattern. One may deduce that the adsorber is effective in a rather wide
interval of LDL concentrations. The descending regime is explained by ordering of bulk LDL into a
cubic phase, thus, hampering the adsorption.

The simulation setup used in this work could be improved in a number of ways in the future studies.
In particular, the model for high density lipoproteins can be developed, and, consequently, the adsorption
selectivity of an adsorbent towards LDL can be modelled in an explicit way. Besides that, here we focused
on the trends in the adsorbent effectiveness upon changing its parameters. However, the model could be
brought closer to real systems by performing parametrisation that is based on atomistic simulation data.
Another factor, that can be brought into attention, is fluctuation of the LDL shape upon the change of
environment. We hope to address these issues in the following studies.
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Адсорбцiя лiпопротеїнiв низької щiльностi на
мiкроструктурованiй полiмернiй щiтцi: комп’ютерне
моделювання

Я. Iльницький1,2, Д. Яремчук1, О.Комариця3
1 Iнститут фiзики конденсованих систем iменi I. Р. Юхновського НАН України, 79011 Львiв,
вул. Свєнцiцького, 1, Україна

2 Iнститут прикладної математики та фундаментальних наук, Нацiональний унiверситет «Львiвська
полiтехнiка», вул. Митрополита Андрея, 5, 79013 Львiв, Україна

3 Кафедра внутрiшньої медицини №2, Львiвський медичний унiверситет iменi Данила Галицького,
вул. Пекарська, 69, 79010 Львiв, Україна

Останнiми роками опублiковано низку результатiв експериментальних дослiджень щодо розробки фо-
товiдновлюваних адсорбентiв на основi полiмерних щiток, якi спрямованi на використаннi при гемо-
перфузiйнiй терапiї. Механiзм останньої полягає в селективнiй адсорбцiї лiпопротеїнiв низької щiльностi
(ЛПНЩ) у кровi, яка вiдбувається за межами органiзму. У нашому попередньому дослiдженнi [ J.Ilnytskyi et
al., Processes, 2023, 11, 2913] ми розробили мезоскопiчнi моделi як для ЛПНЩ, так i для фотовiдновлюва-
ного адсорбента з однорiдно прищепленими ланцюжками, i дослiдили специфiку адсорбцiї залежно вiд
довжини ланцюжкiв та густини прищеплення. У поточному дослiдженнi цей аналiз поширено на випадки
пучкоподiбнї та сiтчастої мiкроструктури прищеплення. Ми встановили, що пучкоподiбна мiкрострукту-
ра є найефективнiшою i демонструє пiки своєї адсорбцiйної ефективностi при двох характерних густинах
прищеплення. Пiк при низькiй густинi є вдвiчi вищим, нiж для випадку однорiдно прищеплених ланцюгiв.
Пiк високої густини, який виникає лише для пучкоподiбної мiкроструктури, розширює робочий дiапазон
густини прищеплення. Пiк низької густини характеризується спiвимiрнiстю розмiрiв ЛПНЩ та характер-
ним просторовим кроком мiкроструктури. Iзотерми адсорбцiї, побудованi за цих умов, добре узгоджую-
ться як з ленгмюровою, так i з логiстичною формою росту. В обох випадках пучкоподiбна мiкрострукту-
ра характеризується значно вищою швидкiстю росту, нiж для однорiдно прищеплених ланцюжкiв. При
найвищiй концентрацiї ЛПНЩ адсорбцiя ускладнюється самозбiркою ЛПНЩ у просторово-впорядковану
кубiчну фазу.

Ключовi слова: лiпопротеїни, адсорбцiя, азобензен, молекулярна динамiка
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