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Dissipative particle dynamics simulation study on
ATRP-brush modification of variably shaped
surfaces and biopolymer adsorptiont

Samiksha Shrivastava,?® Ifra,® Sampa Saha (2 ° and Awaneesh Singh (2 *?

We present a dissipative particle dynamics (DPD) simulation study on the surface modification of initiator
embedded microparticles (MPs) of different shapes via atom transfer radical polymerization (ATRP) brush
growth. The surface-initiated ATRP-brush growth leads to the formation of a more globular MP shape.
We perform the comparative analysis of ATRP-brush growth on three different forms of particle
surfaces: cup surface, spherical surface, and flat surface (rectangular/disk-shaped). First, we establish the
chemical kinetics of the brush growth: the monomer conversion and the reaction rates. Next, we
discuss the structural changes (shape-modification) of brush-modified surfaces by computing the radial
distribution function, spatial density distribution, radius of gyration, hydrodynamic radius, and shape
factor. The polymer brush-modified particles are well known as the carrier materials for enzyme
immobilization. Finally, we study the biopolymer adsorption on ATRP-brush modified particles in a
compatible solution. In particular, we explore the effect of ATRP-brush length, biopolymer chain length,
and concentration on the adsorption process. Our results illustrate the enhanced biopolymer adsorption
with increased brush length, initiator concentration, and biopolymer concentration. Most importantly,
when adsorption reaches saturation, the flat surface loads more biopolymers than the other two
surfaces. The experimental results verified the same, considering the disk-shaped flat surface particles,
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1. Introduction

The structural modification of MPs is gaining immense attention
in the biomedical field (mainly in targeted drug/cell delivery,
self-assembly, and diagnostics)'™ due to its enormous applica-
tions. Recent studies show that MP’s structure, shape, and size
significantly influence the biological performances®® and phy-
siological interactions such as margination, circular half-life,
and opsonization.”*® Apart from the extensively used spherical
MPs, a noticeable rise has also been observed in MPs of various
other shapes such as cup, disc, rod, tube, and ellipsoid as an
emerging controlled drug delivery system.>®*"'* For example,
hemispherical-shaped particles have been shown to exhibit
higher cellular uptake compared to spheres because of a higher
contact area of the former at the affected sites.”'* On the other
hand, hemispherical particles showed higher margination
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cup-shaped particles, and spherical particles.

ability in the microvasculature compared with spheres.” Among
other anisotropic shapes, rod-like particles and flattened/disc-
shaped particles also exhibited higher adhesion to the micro-
vascular network than spherical particles because of their high
binding affinity. In addition, the binding affinity of rods and
discs is high due to their high aspect ratio and flat surface

1415 Therefore, a controlled surface modification of the
16-20

area.
particles could be crucial to several biomedical applications.
There are numerous reports demonstrating the importance of
surface modification of MPs such as polymeric cup-shaped par-
ticles using various techniques such as solvent evaporation,"?
vapor deposition,> mini-emulsion,**** and microfluidics.>*
Among the numerous applications of surface-modified
particles, the immobilization of biopolymers (e.g., enzymes)
has been getting enormous attention in the last decade due
to its use in biocatalysts, food processing, drug delivery, textile
manufacturing, biosensors, and so on.>**’ This inspired
researchers to find a better solution to utilize biopolymers
more efficiently to expand their applications.’®**! Further,
the immobilization of biopolymers on insoluble solid particles
has enhanced the rapid arrest and controlled quenching of
reaction kinetics. This is because of a comparatively more
straightforward extraction of solid surface-bound biopolymers
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from the solution.'®?%73¢

Thus, this immobilization process
improves the stability and reusability of biopolymers against
the change in pH, solvent, and temperature over successive
chemical reactions.*”*° The immobilization of biopolymers on
solid surfaces has significant medical and industrial
applications.>” Additionally, surface-modified solid particles
with polyelectrolyte ATRP-brush (e.g., poly(DMAEMA)) can
immobilize a considerable amount of biopolymers through
electrostatic adsorption in their brush morphology due to the
high charge density.>**' Thus, brush-modified surfaces proved
fascinating in immobilizing biopolymers due to their unique
structures.**>°

Ifra and co-workers have recently illustrated differently shaped
MP modifications using the electrojetting technique.’”™*° In par-
ticular, different MPs are prepared from a blend of polylactide
(PLA) and poly[methylmethacrylate-co-2-(2-bromopropionyloxy)-
ethyl methacrylate] (poly(MMA-co-BEMA)) in 3:1 ratio."”” To
fabricate the surface, poly(DMAEMA) brushes are synthesized
via the grafting from approach at the initiator (BEMA molecule)
embedded surfaces via atom transfer radical polymerization
(ATRP)"™*° with DMAEMA monomers in water (pH ~ 7). The
brush grafting density is regulated by altering the initiator
concentration on the surfaces. Different polymerization time
periods yield ATRP brushes of different lengths and thus the
surface charge at the fabricated surface can be controlled.
Thus, the efficiency of electrostatic adsorption of biopolymers
(o-glucosidase) onto the surface of a brush-modified particle gets
enhanced.'*?%%

To understand the experimental findings by Ifra and co-
workers,'® we present a DPD simulation study to gain further
insights into the underlying physical phenomena at the atomic
level. In DPD, the system evolution follows Newton’s equation
of motion.*”** The advantage of using the DPD technique
is that it preserves the hydrodynamic behavior of modeled
polymeric solutions, melts, and biopolymers in crowded and
confined environments, which is crucial to estimating the
system’s dynamic behavior.*®*” Hence, it is proved to be a very
effective particle (DPD bead) simulation technique.**** DPD is
used extensively to model various types of free radical polymer-
ization processes and the effect of shape and size on the
dynamics of complex soft materials.***

This contribution presents a generic DPD model focusing on
surface fabrication via surface-initiated ATRP-brush growth at
differently shaped MP (such as cup, sphere, and rectangular)
surfaces and biopolymer adsorption occurring at these mod-
ified surfaces. Our simulation demonstrates a comparative
study by varying the percentage of initiator concentration and
polymerization time to vary the brush density and length and
their effect on biopolymer adsorption. Further, we correlate
them with the experimental findings.'®'® The biopolymer is
modeled as a linear free-rotating chain of soft beads connected
by harmonic bonds.***

We organize this paper as follows. First, in Section 2, we
describe the Computational model details and simulation
parameters of the system. Then, Section 3.1 discusses the
Results obtained for brush growth from the initiators implanted
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at the three different surfaces via surface-initiated ATRP in the
solvent. Further, we discuss the biopolymer adsorption at the
brush-modified cup surface (CS), spherical surface (SS), and
flat rectangular surface (RS) particles for various biopolymer
concentrations in the solution. Next, Section 3.2 presents the
Experimental results of CS, SS, and disk surface modification,
and biopolymer adsorption. Finally, in Section 4, we conclude
the paper with a Summary.

2. Methodology and
model parameters
2.1. Dissipative particle dynamics

DPD is a coarse-grained molecular dynamics (MD) approach
where a bead symbolizes a molecule or a cluster of particles.*>*
The beads interact through a soft-core potential, making DPD a
more appropriate technique to simulate a system over a more
considerable length and time scale than conventional MD
simulations. Typically, DPD is utilized to simulate a system up
to 100 nm in the linear dimension and tens of microseconds for
the time scale.”>**° We briefly outline the key features of the
DPD approach below. Moreover, a detailed description can be
found in some original and latest publications.*>**~>

The equation of motion of each bead is governed by inte-

grating Newton’s second law:***
dr, dr -
d_tl =V mz?{ = fi(1), (1)

where 7;, v;, m;, and p; = m; denote the position, velocity, mass,

and momentum related to the ith bead. The total force fT =

S Fy = Z(ﬁf +FP+ fff) acting on the ith bead due to all

J#I J#i

other j beads within an interaction distance r. consists of three

pairwise additive forces, where 135, 13‘3, and 17"}} represent the
conservative, dissipative and random force. The force symmetry

By = B
distance . is considered as an intrinsic length scale in the DPD
model.*>***! Each bead in the system has equal mass, i.e., m; = m.

The typical conservative force considered in DPD is*

ensures the momentum conservation. The cutoff

ﬁg = aya)c(ry)f,j, (2)

where wq(ry) = (1 — ry/re) is the weight function that belongs to a
soft repulsive interaction which enables a more considerable
length and time scale in DPD; a; denotes the maximum
repulsion parameter between i and j beads; r; = |y, 7 = 74/
|Fy|, and FU = Fi — ;]

The dissipative force, which represents the effects of viscosity,
and the random force, which denotes the impact of thermal

fluctuations, are described by***?

Fj = —yop(ry) (v )y, 3)
and

Fjt = oor (ry) VAL;#y. (4)
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Here, y and ¢ denote the strength of dissipative and random
forces, v; = ¥; — v;. At is the simulation time step. The noise
amplitude &; in eqn (4) signifies a Gaussian random distribution
with zero-mean, (&(t)) = 0, and unit variance:**** (&(0)&(t))) =
(0udy + 040)o(t — t'). The symmetry relation &; = &; and the
forces f‘g and ﬁ’fj act along the line of bead centers, ensuring
momentum conservation. For a correct canonical equilibrium
state, the dissipative and random forces are coupled with the
following relations:">** 6> = 2yksT and wp(ry) = wr(ry)* = (1 — 1y
r.)’ for ry < r., where ky is the Boltzmann constant and T is the
equilibrium temperature of the system. Here, we took the
traditional weight function exponent s = 2. However, other
choices are also allowed if the above two conditions are
fulfilled.>>* Overall, the notable advantage of the DPD approach
is that the pairwise forces shown in eqn (2)-(4) conserve the
momentum locally, thus upholding the correct hydrodynamic®*
behavior with only a few hundred particles.***?

We set the interaction parameter between the compatible
beads, a;; = 25 (in reduced DPD units). This choice is based on
the compressibility of water by coarse-graining ten water mole-
cules into one bead.”” In general, for any two incompatible
beads, we set a;; = 60."> We provide the other a; values in a short
while. The parameters r., m, and T are set to 1.0 and y = 4.5 in
reduced DPD units. The typical energy scale of the model is set
by ksT.*>*® We use the modified velocity-verlet algorithm to
integrate the equations of motion.*>>® The simulation time
step is set to At = 0.02t, where t = (mr.2/ksT)"* is defined as the
characteristic time scale. The total bead number density in the
simulation box is set to p = 3, which is a reasonable choice for
DPD simulation of liquids.”*** The above choices of coarse-
graining yield the dimensional values of length . ~ 0.97 nm
and time 7 &~ 8.3 ps.’””®

We simulate the polymer chains as a bead-spring mode
where the harmonic bond potential Ey, = 1/2ky(r — r,)* connects
neighboring DPD beads of the chain. Here k;, = 128 is the elastic
bond strength and r, = 0.5 is the equilibrium bond distance.>
The angle potential E, = 1/2k,(cos @ — cosf,)* provides the
polymer chain stiffness. We set the potential strength &, = 5 and
the equilibrium angle 0, = 180 degrees;** *° ( denotes the angle
between two successive bonds along a polymer chain.

158

2.2. Modeling the microparticles

In the framework of DPD simulation, we model the differently
shaped MPs (CS, SS, and RS) as rigid bodies. Therefore, the
forces and torques acting on rigid MPs are computed as the
sum of all the forces and torques on constituent DPD beads.
The particles are made of PLA blended with poly(MMA-co-
BEMA) in a 3:1 ratio, as described in the experiments.'® The
poly(BEMA) compound acts as an initiator to instigate the ATRP
process with DMAEMA monomers available in the solution to
fabricate the surface. The cup (half-sphere) and spherical-
shaped MPs are composed of double-layered DPD beads
arranged on the vertices of a geodesic grid generated by
subdividing an icosahedron.®’ The inner and outer radii are
set to Ry, = 7.7r. and R, = 8.0r.. The cup-shaped MP contains
Nes = 1962 beads (¢es = 5.23 x 10°) and the spherical-shaped
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MP comprises Ny = 3924 beads (¢ss = 1.04 x 107%). The
rectangle-shaped MP surface is also modeled as a double-
layered flat structure with N, = 1960 beads (¢ = 5.23 x 107)
arranged in a regular lattice structure with a lattice constant of
0.5r.. Each layer contains an equal number of beads. The
rectangular MP size is 17.57, X 147, (in reduced DPD units) with
dz = 0.5r. dimensionless unit in thickness. The number density
of beads is kept sufficiently high (o, ~ 11) in each layer of CS,
SS, and RS to prevent the penetration of ATRP-brush and
other beads.

The experimental studies illustrated that only a fraction
of poly(BEMA) molecules on the MP’s surface act as initiators
in the solution. Our simulation models this experimental
observation by considering a certain fraction of MP beads as
the initiator beads. Furthermore, we chose the initiator beads
randomly at either particle surface for CS and RS, whereas for
SS, they are selected only on the outer surface. Note that the flat
surface is a disk-shaped particle in the experiment, whereas we
model it as a rectangular-shaped particle in the simulation. We
considered three initiator values: N; = 20, 50, and 100, i.e., 1%,
2.5%, and 5% of MP beads, respectively; the corresponding
volume fractions are ¢; = 5.3 x 107°, 1.33 x 107", and 2.66 x
10~*. Thus, polymer brushes (B) will grow from the surface during
polymerization. Since MPs are insoluble in the solvent (s),"® we set
their interaction with the solvent a,,s = 45. To model the fact that
the interaction between MP bead (m) and monomer bead (M) is
slightly incompatible, we set a, = 35, and the interaction of the
MP bead with the polymer brush is set as ay,p = 35.

17-19

2.3. Surface fabrication of microparticles via ATRP-brush

To simulate ATRP-brush growth, we exploit the recently developed
DPD approach® for living controlled radical polymerization
(CRP), where a set of relevant elemental reactions model the ATRP
4562 The DPD polymerization approach is similar to the

C%7% and MD simula-
163,64

processes.
earlier modeled CRP via coarse-grained M
tions. The DPD model® is validated by the prior experimenta
and modeling studies.®*®® The previous simulation results
are obtained using the dynamic lattice liquid (DLL)**** approach
(an alternative to MC simulations of living free radical polymer-
ization) and MD approach.®® Similar to these simulations,**™®° the
DPD approach*®>%¢%° considers the polymer geometry and the
spatial distribution of active groups. Specifically, the spatial
distribution and long-range diffusion of active radicals in the
macromolecules are essentially hindered due to topological con-
straints and reactions between macromolecules to form even
larger molecules or clusters.®* ®> The same framework was further
utilized to develop the first simulation approach for modeling
iniferter-based photo-CRP within polymer networks.*>°>%¢"%° This
examined the relative effects of the photo-initiation systematically
due to bond breaking, propagation with monomers and cross-
linkers, and termination reactions in forming nanocomposite
gels' and self-healing gels,®*®® and hence, enabled greater
insight into the polymerization process.

The elements involved in ATRP are the initiator and mono-
mer; all are modeled as DPD beads. The main reaction steps are
the initiation and propagation of monomers in the explicitly

63-65
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considered solvent beads. Herein, we picked the monomer
volume fraction, ¢y = 1.0 x 10™" (Ny = 37500), to grow up
the polymer brush. We randomly selected initiator beads to
begin the ATRP reactions. In each reaction step, we randomly
select monomer beads within the interaction radius r; = 0.7r, of
each initiator bead.**** The selected bead pair will form a
covalent bond with the polymerization probability 0 < Py < 1,
where the superscript x stands for the type of chemical reaction;
x =i for the initiation and x = pM for the propagation with
monomers.®® ®® Next, we draw a random number 7, € (0, 1) from
a uniform distribution and compare it with the reaction prob-
ability P. The covalent bond formation reaction step is accepted
when n, < Py, otherwise rejected. Thus, each successful reaction
step yields an irreversible covalent bond represented by the
harmonic bond potential with k, = 128, k, = 5, and 6, = 180
(in reduced DPD units).

In our simulation, we set the initiation probability P. = 0.5
and the chain propagation probability PP™ = 0.05.**°%%” The
respective reaction rate constants can be adjusted efficiently by
selecting different values of P;. Nevertheless, lower P values are
chosen to ensure kinetically controlled polymerization. The
stated value of r; is chosen to reproduce the expected linear
first-order kinetics for living radical polymerization. Any smaller
values delay the brush growth, and higher values significantly
deviate from the linear first-order kinetics.*> We exclude the
degenerative chain transfer and the termination reaction of
active radicals to dormant species in ATRP due to the character-
istics of living polymerization.”””" The details of bead types
involved in the primary reaction steps are summarized via a
schematic shown in Fig. 1. Since the characteristic simulation
time step is set to At = 0.02t and the reaction time interval
between any two successive reaction steps is selected to be 7, =
0.27,**% the reactions are performed every ten simulation time
steps.**

The monomer and ATRP-brush beads are considered hydro-
philic (compatible) with solvent beads; hence, their interaction
parameters are set to ays = ags = 25 (in DPD units). Similarly, for
monomer and brush (polymerized monomer) bead interaction,
avs = 25. The experimental results'”'® suggest that in a pure
solvent (water at pH = 7), poly(DMAEMA) brushes are posi-
tively charged due to protonated amino groups present in the
brush, and they are well dispersed in the solvent due to the
long-range electrostatic repulsion. In other words, the electro-
static repulsion avoids their aggregation in the solvent. Due to
brush-biopolymer affinity, we aim to probe the biopolymer

Initiation and propagation
* Pi *
® -0 —=-,00
* M *
e + O 2. \e-e
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adsorption within the brush matrix. However, solving electro-
static interactions explicitly in the DPD framework’>”® is
computationally very expensive for large systems,”® even with
the recent parallel Poisson solver.”*”® Therefore, the explicit
use of charge distribution in the DPD simulation approach of
biological systems is rare.”®”’° Thus, to phenomenologically
prevent their aggregation, we set the DPD interaction para-
meter between brush beads to agg = 27.

2.4. Biopolymer adsorption at the fabricated microparticle
surface

We modeled the biopolymer (x-glucosidase enzyme) in the
same way as the brush chain - a linear chain of N;,, DPD beads,
connected by harmonic bonds with an elastic constant k;, = 128
and equilibrium bond distance 7, = 0.5.%° The angle potential
coefficient between two consecutive bonds along with the
biopolymer chain &, = 5, and 0, = 180 is an equilibrium angle
between the successive bonds. The mass of each biopolymer
bead is set to 1.0 in the reduced DPD unit. We study biopolymer
adsorption for three different concentrations: c, = 2%N (¢}, =
2.0 x 1072), 4%N (¢, = 4.0 x 10~?), and 8%N (¢}, = 8.0 x 10~ >).
The corresponding number of DPD beads are N}, = 7500, 15 000,
and 30000, respectively. To study the effect of biopolymer
length () on the adsorption at fabricated surfaces, we choose
I, = 25, 10, and 1.

The biopolymer (o-glucosidase'®) is chemically compatible
with the solvent and negatively charged molecules. Like the
brush case, we set the effective DPD interaction parameters
between biopolymer beads, ayy, = 27, to prevent their aggregation
phenomenologically. The positively charged brush beads will
attract the negatively charged biopolymers. Thus, to incorporate
this favorable interaction, we set the interaction parameters
between these beads, ag, = 15. Compared with the short-range
effective DPD interactions, we expect that explicit modeling of
long-range electrostatic interactions will further promote brush
dispersion in the solvent. Therefore, direct electrostatic inter-
actions could make the biopolymer adsorption more prominent,
but this study’s conclusions will not be altered.

We consider a simulation box of size 50r. x 50r, x 50r.. The
total number density in the box is fixed at p = 3r. > (i.e., N =
375000 beads).*>**> The periodic boundary conditions are
applied in the x- and y-directions. In contrast, the simulation
box in the transverse z-direction is bounded by amorphous
solid walls.** The height of both walls is fixed to = 1, and bead
density is set to p,, = 3 (volume fraction, ¢,, = 4.0 x 10 2).

Unreacted | Reacted Active

Initiators O ‘ ."‘
Monomers O . ."‘

Fig. 1 Schematic diagram illustrating the atom transfer radical polymerization (ATRP) process from the initiators embedded at the nanoparticle surface.
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Table 1 The interaction parameter a; used in the simulation for different
DPD beads

a; w s m M B b

Wall (w) 25 60 60 60 60 60
Solvent (s) 25 45 25 25 25
Microparticle (m) 25 35 35 20
Monomer (M) 25 25 25
Brush (B) 27 15
Biopolymer (b) 27

In addition, we apply bounce-back boundary conditions at the
fluid-wall interface®" to inhibit the penetration of solvent,
moieties, and polymer brush beads into the walls.*” We con-
sider repulsive interaction (a,; = 60) between wall beads and
other beads in the system. The solvent volume fraction in our
simulation box is fixed to ¢ ~ 8.3 x 10~ * (for ¢y, = 2.0 x 10~ 2),
8.1 x 10~ (for ¢, = 4.0 x 10%), and 7.7 x 10~ " (for ¢p, = 8.0 x
107?). The interaction parameters for all DPD beads are sum-
marized in Table 1.

To start the DPD simulation, we place the microparticle in a
simulation box and generate the initial configuration of the
monomer and solvent by randomly placing them in the box.

CS
Foci=1.0% (©)
(a) 02 oc;i=2.5% f’:} -
52
<
—
f I
8 &y
) (d)
0 500 1000 1500 E
tpe A
N
n Il
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(/l [oci=2.5% = <
,_|§ 0.2 __o ¢i=5.0% IfI
E i III
~ S (e)
E‘ O l t*:t s <
o £ S
-, =
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tpe
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Then, we equilibrate the system for ¢ = 1 x 10° simulation time
steps, and allow the polymerization reactions to begin. First, we
let the ATRP brush grow up to three different time steps, tgg =
400, 800, and 1500, to get the fabricated MP surface with
varying brush lengths. Next, we introduce the biopolymers in
the solution containing fabricated MPs and observe the biopo-
lymer adsorption up to ¢, = 3000 simulation time steps.

3. Results and discussion
3.1. Simulation study

We utilize the DPD simulation approach to study the biopoly-
mer adsorption at ATRP-brush modified different-shaped MPs
such as cup, spherical, and rectangular surfaces. To begin with,
first, we study the surface modification of a cup particle where
initiators are equally distributed at the inner and outer
surfaces. Three initiator percentages ¢; = 1%, 2.5%, and 5% of
N, are considered to differentiate the initiator concentration
effect on surface fabrication. We allow the atom transfer radical
polymerization (ATRP) reaction to begin with monomers in the
solution. To analyze the polymerization kinetics, we plot the

tBG - 1500

xy-plane (I, = 25)

-1

Fig. 2 (a) Monomer conversion (Convy) as a function of time (tgg) for different initiator concentrations: ¢; = 1.0% (black curve), 2.5% (red curve), and 5.0%

(green curve) presented at CS. (b) Temporal change in the monomer conversion rate, log([M]o/[Ml.), for the reaction kinetics corresponding to data in (a).
(c—e) The ATRP brush modified cup surfaces at different c; for the monomer conversion up to tgg = 1500. (f-h) Crosssection (xy-plane) plots at [, = 25
corresponding to the brush modified CS in (c), (d), and (e), respectively, indicating the brush density variation around CS. The color bar is at the extreme
right.
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monomer conversion (Convy = [M]/[M]y) and the reaction
rate, log([M]o/[M]4), as a function of time (tpg) in Fig. 2, where
[M]o denotes the initial monomer concentration, and [M],; and
[M]: indicate the reacted and unreacted monomer concen-
tration, respectively, at tzg. The polymerization is allowed up to
teg = 1500 for all three initiator concentrations. Fig. 2(a)
illustrates that the monomer conversion rate increases with
an increase in ¢;. We obtained nearly 6% conversion for ¢; = 1%
(black curve), 13% conversion for ¢; = 2.5% (red curve), and 21%
conversion for ¢; = 5% (green curve) within the given simulation
time - the amount of monomer conversion up to tgg = 1500
suggests an early time conversion. Thus, we observe a linear
monomer conversion in ATRP at early times (as in Fig. 2(a)),
which converges towards one (Convy, — 1.0) at late times
(shown in Fig. S1(a), ESIt).

The nearly linear dependence of log([M]o/[M]y.) versus time
for all ¢; values illustrated in Fig. 2(b) for early times and in
Fig. S1(b) (ESIT) at late times shows that our model accurately
reproduces the pseudo-first-order kinetics, a typical character-
istic of living radical polymerization.**°>°” Fig. 2(c-e) show the
snapshots of the fabricated CS for the ATRP-brush growth till
tsc = 1500 at different initiator concentrations. Fig. 2(f-h)
display brush density variation around CS in the xy-plane at
I, = 25 corresponding to Fig. 2(c-e). The yellow circle shows the
cross section of CS, and the red region displays the ATRP-brush
density. These snapshots clarify that the brush density is higher
for higher monomer conversion (~21%) for ¢; = 5.0% at CS.
The presence of the red region within CS (yellow circle) also
confirms the initiators’ presence at the inner surface of CS.

The two most frequently used physical parameters that
characterize the size of a macromolecule are the radius of
gyration (R,) and hydrodynamic radius (Ry). Both R, and Ry
use different ways to compute the size of a macromolecule and
arrive at a similar conclusion. We calculate the radius of

. 1 2 , .
gyration®** R, = (N<Z r,-2>) as a function of time tgg
i

for ¢; = 1.0%, 2.5%, and 5.0%, as displayed by the black, red,
and green curves in Fig. 3(a). Here N denotes the total number
of CS and brush beads, and r; represents the distance of the
ith bead from the center of mass of CS and brush beads.
The angular brackets signify the averaging over five ensembles.
The plots in Fig. 3(a) show that brush fabricated cup particle
size increases with time as the degree of polymerization
(Convy,) increases for all ¢;. However, Convy, is more for higher
¢i (=5.0%) at a set duration of polymerization. Hence, the larger
values of R, are observed as a function of time (see the curves in
Fig. 3(a)).

Note that in ATRP, one monomer adds up at a time to
a growing chain (ie., the propagation rate is the same for
each initiator). Consequently, the growing chains are nearly
monodispersed.®*®”7%7!  Therefore, at a given monomer
concentration, the individual chain length (degree of polymer-
ization) is longer for a low initiator concentration for any given
time during the polymerization. Thus, from the results shown
in Fig. 2, the estimated individual brush length is Iz ~ ngr,
where ng ~ 115, 100, and 86 are the average number of
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polymerized beads per brush chain for ¢; = 1.0%, 2.5%, and
5.0%, respectively, at tgg = 1500. The averaging is done over five
ensembles. Given the fact that polymer brushes are repulsive
with CS (ang = 35) and also with themselves (agp = 27) due to
positively charged DPD beads, the ATRP-brushes are more
swollen and thus relatively more extended in the solvent for
¢; = 5.0% than for ¢; = 1.0%, and hence, higher R, is observed.

We compute R, to gain further insight into the brush-
modified particle size. Ry, imitates the size of a solvated molecule
more closely. Therefore, it is a more appropriate biological
parameter to determine the size of a molecule in the context
of its environment. Thus, R}, of a modified particle is measured
by assuming that the brush embedded on its surface moves
through the solution and is resisted by the solvent viscosity.
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The hydrodynamic radius formulation is R 2N2<,§r,,>’
where r; is the distance between 7 and j beads of the polymer
brush and CS(N); the angular brackets denote the averaging over
five ensembles. Like R, in Fig. 3(a), R, also increases linearly with
time as the brush density increases at CS, having almost the
same order of magnitude. The brush swells more with higher
initiator concentration, thus explaining a higher Ry, for ¢; = 5.0%.

The ratio of Ry and Ry, pss = Ry/Ry, (also known as the shape
factor), characterizes the shape of a macromolecule. The shape
factor for a globular polymer structure is approximately py ~
0.775.8%% However, for any departure from the globular to
nonglobular (or elongated) shape, Ry/R;, attains higher values
as R, turns out to be larger than Ry,. For a hollow sphere, pgs ~
1.0. At early times, the brush growth is minimal; hence, the
shape factor for the modified CS at this stage is estimated as
pst € (1.05-1.065) for all ¢; values as displayed in Fig. 3(c).
However, ATRP-brush modified CS tends toward attaining a
relatively more globular shape with time; thus, p decreases.
At late times, the shape factor is smaller (pss ~ 0.985) for ¢; =
5.0% than for the other two ¢; values (see Fig. 3(c)). Never-
theless, when we allow the brush growth for a much longer
time at which Convy; — 90%, the fabricated MP attains the
shape factor pgs ~ 0.94 (this result is not displayed here due to
brevity).

Next, we compute the radial distribution function (RDF),
g(r) = pis/ps, of brush beads at a radial distance, r = (|dx|* + |dy|* +
|dz|*)"/2, from the CS beads. Here, pi5(r) = nis(r)/ Vs, denotes the
local brush density and pg = Np/V indicates the total brush
density. nyg(7) is the local number of brush beads (displayed in
blue and green colors) in a shell of volume Vg, at a distance r
from the microparticle bead (displayed in orange color), Ny
represents the total brush beads, and V is the total volume of
the box. The plots in Fig. 4(a) show the variation in RDF for
three different c; values as denoted by the black, red, and green
symbols. As expected, the larger peak width and height shown
by the green curve validate that brush beads are more tightly
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bound around CS at ¢; = 5.0% due to higher monomer conver-
sion than at ¢; = 1.0% and 2.5%. The plot of number density p(z)
of brush beads along the transverse (z)-direction is displayed in
Fig. 4(b). The curves at different c; further certify that more brush
beads are localized around CS (10 < z < 30) at ¢; = 5.0% than at
¢i = 1.0% (black curve) and ¢; = 2.5% (red curves). Overall, an
increase in the initiator concentration yields noticeable brush
swelling, which could facilitate the biopolymer diffusion into the
brush matrix, thereby enabling immobilization.

Next, we consider SS and RS to study the surface modifica-
tion due to ATRP-brush growth and its influence on biopolymer
adsorption. However, first, we compare the corresponding
physical properties related to the structural change of SS and
RS with CS, as discussed above. Then, since the brush-modified
CS is highly swollen for the brush growth up to tgg = 1500 at ¢; =
5.0%, we compare the SS and RS fabrication with CS by
considering the polymerization up to the same simulation time
steps for ¢; = 5.0%.

In Fig. 5, we plot Convy; and log([M],/[M],) as a function of
time for SS and RS and compare them with the results obtained
for CS. The initiators are evenly distributed at both the surfaces
of RS and only at the outer surface of SS. The surface fabrica-
tion is led by growing the ATRP brushes up to tgg = 1500. We
observe that Convy, for SS (red curve) is slightly higher than that
for RS (green curve) and CS (black curve) at early times (tgg <
350). On the other hand, the gap is enhanced over time, as
displayed in Fig. 5(a) and (b), due to higher monomer accessi-
bility to active radicals tethered at a larger outer surface of SS
compared to the case of CS and RS. The propagation reaction
(Convy) for RS is also growing at almost the same rate as CS at
early times (fgg  1000). However, a slightly higher conversion is
obtained for RS beyond this time. For RS, the monomers are
equally accessible to initiators at both surfaces. Thus, initiators/
active radicals have equal accessibility to monomers. The brush
growth at the outer CS can occur at the same rate for the SS;
however, the monomers are less accessible to initiators at the
inner concave surface of CS. Thus, the effective rate of chain
propagation at CS is balanced by yielding less monomer

CS (tpg = 1500)
oci=1.0%

@i oc¢i=2.5%
P °¢i=5.0%

(b) 0.4
0.3
p(z) 0.2

0.1

0 15 30 45

Fig. 4 (a) Radial distribution function (RDF): g(r) against radial distance r, and (b) density distribution: p(z) along the z-direction of the grown ATRP-
brushes at tgg = 1500 at CS for different initiator concentrations ¢; = 1.0% (black symbols), 2.5% (red symbols) and 5.0% (green symbols) corresponding to

the snapshots shown in Fig. 2(c-e).
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Fig. 5 Comparison of temporal variation of Convy (a) and log([Mlo/[MI]) (b) at the cup surface (CS, black curve), spherical surface (SS, red curve), and
rectangular surface (RS, green curve) for ¢; = 5.0% embedded on their surfaces.

conversion than on RS and SS. Overall, Fig. 5(b) illustrates that
the propagation reaction rate (log([M]o/[M],)) at different sur-
faces varies linearly with time (¢gg), thus exhibiting the expected
first-order reaction kinetics.

We illustrate the morphology of fabricated CS, SS, and RS
due to ATRP-brush growth up to different polymerization times,
tgc = 400 (Fig. 6(a—c)), 800 (Fig. 6(d-f)), and 1500 (Fig. 6(g-i)) at
¢; = 5.0%. The Conwvy, at CS, SS, and RS for tgg = 1500 are ~ 23%,
~26%, and ~24%, respectively, as illustrated in Fig. 5(a). The
corresponding estimated brush length is Iy ~ ngr,, where ng ~

tBG = 400 tBG = 800

(a) (d) (€9)

79, 97, and 86 are the number of polymerized beads per brush
chain bounded at CS, SS, and RS, respectively. At tgg = 400, the
monomer conversion is almost the same at all surfaces; hence,
nearly the same brush length, /y ~ 217, for CS and RS, and [l ~
267, for SS, is assessed. However, [y increases with time and the
brush lengths are slightly different from each other at different
surfaces due to diverse monomer conversion, as seen in Fig. 5.
For the polymerization up to tzg = 800, the approximate brush
lengths are Iy ~ 41r,, 53r,, and 43r, at CS, SS, and RS where
Convy ~ 11%, 14%, and 12%, respectively. Fig. 6(j-1) show the

tge = 1500 xy-plane (I, = 25)

0)

Fig. 6 ATRP brush modified CS, SS, and RS for ¢; = 5.0% and for the brush growth (polymerization) time up to tgg = 400 (a—c), 800 (d—-f), and 1500 (g—i).
(-1 The brush density variation in the xy cross-section at [, = 25 corresponding to the snapshots in (g—i).
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brush density variation around MP surfaces in the xy-plane at
1, = 25, corresponding to Fig. 6(g-i). The yellow color represents
the cross section of various MPs, and the red region displays
the ATRP-brush density.

The shape and size of ATRP-brush modified differently
shaped particles are compared at ¢; = 5.0%. First, we plot Ry
as a function of tgg in Fig. 7(a). The differences in R, values are
due to different MP structures; R, for SS is higher than that for
CS and RS. However, the latter two surfaces maintained similar
growth in R, against time with a tiny advancement for RS at late
times due to higher Convy (shown in Fig. 5). With a consider-
able Convy, at SS (as discussed in Fig. 5), the initial surge in R,
is maintained till late times. Similar to R, the hydrodynamic
radius (Ry,) for the modified surfaces varies linearly with time,
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Fig. 7 Comparison of (a) radius of gyration (Ry), (b) hydrodynamic radius
(Rn), and (c) size factor (ps) against the polymerization time tgg for the
brush modified CS (black curve), SS (red curve), and RS (green curve),
respectively, at ¢; = 5%.

17994 | Phys. Chem. Chem. Phys., 2022, 24, 17986-18003

View Article Online

Paper

as presented in Fig. 7(b). In Fig. 7(c), we plot the shape factor
(psf) to characterize and compare the temporal variation in the
shape of modified MPs. At early times, when Convy, is small, pgr
is highest for RS and lowest for SS due to their different
unmodified shapes. However, ps for CS and RS approaches
a similar value as the polymerization increases with time.
However, pg for SS remains the lowest for the entire polymer-
ization period considered here.

We compare g(r) versus r for the ATRP brushes around CS in
Fig. 8(a), SS in Fig. 8(b), and RS in Fig. §(c) at ¢; = 5.0% for three
different brush lengths assessed at ¢z = 400, 800, and 1500.
The corresponding brush lengths at each surface were estimated
and discussed a short while ago. Fig. 8 demonstrates that the
peak height increases with brush length, and its position moves
to higher r for the modified particles. This suggests an increase
in the local brush density (p;g). Thus, the brushes are more
closely bound to MP surfaces. The rise in RDF width with r
validates the spreading of growing brush chains. The local brush
density becomes negligible with » — oo and hence g{r) — 0.
Following the previous observations as depicted in Fig. 5-7, the
variation of g(r) is very similar for both CS and RS; nevertheless,
g(r) for RS has a slight edge (in Fig. 8(c)) over CS (in Fig. 8(a)).
Fig. 8(b) shows that the peak of g(r) for SS is lower than that for
CS and RS. The reason for this could be the lower nz per
shell because of the hollow core of the spherical MP and higher
Ngs (52 X Ngs or 2 X Ngg), which reduces pp(r). Since SS has a
hollow core, and no other beads, including the brush beads, can
penetrate it, we also see a sudden jump at r & 2R,.

Recall that the brush grafting density increases with the
polymerization, which causes an increase in the surface
charges. Thus, the brushes get stretched out and swollen
due to the incompatible interaction between the brush beads
(agg = 27). Furthermore, the negatively charged biopolymers
(app = 27) pave the way to enter into the brush region and get
adsorbed due to the much favorable interaction (ag, = 15)
between the swollen brush and biopolymers.

We introduce the equilibrated biopolymer chains of length
I, = 25 in the solution, and analyze the adsorption at different
brush-modified surfaces for a period #,, = 3000. In Fig. 9(a—c),
we compare the fraction of biopolymers adsorbed (¢p) with
time on fabricated CS (black curve), SS (red curve), and RS
(green curve) in the presence of various fractions of biopolymers,
¢p=2 x 1072 4 x 107> and 8 x 10>, respectively. We found
that the biopolymers are getting adsorbed within the brush
region at nearly the same rate on different brush-modified
surfaces for some initial period (f,» < 300). However, as time
progresses, ¢pa for SS is growing faster than that for CS and RS
for up to t,, < 900. This observation is consistent with all the
biopolymer concentrations used in the simulation. Furthermore,
it seems pretty evident as the brush length (/z) and the radius of
gyration (R,) are prominent for SS due to higher monomer
conversion than for CS and RS.

To compute ¢, we count the number of biopolymer beads
within R, of modified MPs and then scale it with the total
number of beads (N) in the system. Interestingly, for #,, > 900,
we find a gradual crossover in ¢ps curves for RS to its
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Fig. 8 Comparison of RDF (g(r)) of ATRP brushes around (a) CS, (b) SS, and
(c) RS at different brush lengths observed at different polymerization times
for ¢; = 5%.

corresponding noticeable higher value (see the green curves in
Fig. 9) than for the other two surfaces at all the biopolymer
concentrations (¢,). The crossover becomes more prominent
with increasing values of ¢}, as depicted in Fig. 9(b and c). On
the other hand, ¢, data for SS (red curve) and CS (black curve)
converge to nearly the same lower value (steady-state value) for
a given ¢, at late times. However, the red curve (¢, for SS)
approaches the steady state faster than the black curve (for CS)
at a relatively high ¢y,. At late times, the reason for a lower ¢pa
at SS could be a relatively high volume of the swollen brush
region due to a more considerable brush length (/3) caused by
higher monomer conversion at SS. The larger volume implies a
more porous brush region around SS. The biopolymers more
easily diffuse into the brush matrix due to a favorable inter-
action (app = 15) between the brush and biopolymer beads.
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Fig. 9 The estimated fraction of adsorbed biopolymers (¢pa) on the brush
modified CS (black symbols), SS (red symbols), and RS (green symbols)
in the presence of a different fraction of biopolymers, (a) ¢, = 2 x 1072, (b)
¢ =4 x 1072 and (c) ¢ = 8 x 1072, respectively, in the solution for ¢; = 5%.
The adsorption process is monitored for a period t,a = 3000.

Note that biopolymers are negatively charged molecules.
Therefore, some biopolymers can easily diffuse out of the brush
region after relatively quick initial adsorption due to the
unfavorable interaction (ap, = 27) between the biopolymer
beads. Therefore, the number of trapped biopolymers within
fabricated SS is relatively small than in the case of RS.

Let us understand the biopolymer adsorption at different
modified surfaces in terms of thermodynamic terminology. At
early times, the brush density is low, so the biopolymer
adsorption is mainly enthalpy driven due to the favorable
brush-biopolymer interaction. The entropic contribution to the
Gibbs free energy is minimal (dG = dH — TdS). The biopolymer
adsorption follows a similar trend (see Fig. 9) to the monomer
conversion up to t,, &~ 900 (see Fig. 5(a)). With the increase in
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monomer conversion, more free space is created for the brush to
move around, suggesting a gradual rise in brush entropy, which
would apparently be higher for the spherical particle. The
entropy gain is usually accompanied by an enthalpic penalty
(positive enthalpy change).?” The biopolymers that diffuse into
the grown brush region also contribute to the enthalpic penalty
over time due to slightly unfavorable brush-brush and biopolymer—
biopolymer interactions. Thus, the binding affinity reduces over
time, and the biopolymer adsorption saturates at late times for all
three surfaces. Therefore, a flat surface, even with a relatively low
surface area and slightly lower monomer conversion compared to
the other two surfaces (see the green curve in Fig. 5), illustrates
more enzyme adsorption than the spherical surface due to its lower
entropy gain (or higher binding affinity). See the green curve in
Fig. 9 which gradually crosses over to a higher saturation value at
late times.
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To demonstrate the effect of brush length on biopolymer
adsorption, we consider the surface-initiated ATRP brushes
grown up to tgg = 400, 800, and 1500 at each surface considered
here for ¢; = 5% and ¢p, = 8 x 102 The corresponding brush
lengths are Iz ~ 21, 41, and 79 for CS, Iz & 26, 53, and 97 for
SS, and Iy ~ 21, 43, and 86 for RS (brush lengths are measured
in the units of r,). To analyze the biopolymer adsorption at
different brush lengths, we first plot g(r) versus r in Fig. 10 at tp, =
3000, mainly to show the radial distribution of biopolymers
within the brush region. Here, we take the biopolymer chain
length [, = 25. In the ascending order, the black, red, and green
curves exhibit g(r) data for different brush lengths. Fig. 10(a)
displays a gain in the g(r) curve’s peak strength, position, and
width with increasing i for CS. This implies that a more fraction
of biopolymers have uniformly diffused into the brush region for
a longer brush length; a similar behavior is observed for SS and
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Fig. 10 Comparison of the biopolymer adsorption for different brush lengths grown up to tgg = 400, 800, and 1500 on CS, SS, and RS, respectively.
The corresponding brush lengths are displayed in the legend. For each brush length, the adsorption is considered till t,a = 3000. (a—c) g(r) versus r for the
biopolymers around CS, SS, and RS beads, respectively. (d—f) The temporal variation in the adsorbed fraction of biopolymers (¢pa).
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RS, as shown in Fig. 10(b and c). A sudden jump in g(r) is
observed for SS at r &~ 2R, due to the absence of biopolymer
molecules within the hollow SS, as explained earlier in Fig. 8(b).
We plot ¢pa versus tp, in Fig. 10(d—f), which displays that
biopolymer adsorption increases with /g as shown by the black,
red, and green curves. Similar to the results in Fig. 9, the fraction
of biopolymers adsorbed is relatively more for RS as in Fig. 10(f)
than for CS and SS as in Fig. 10(d and e). After an initial growth
in ¢pa, the data saturate to a specific value for each brush length
at late times; this behavior remains the same for all the modified
surfaces. The adsorption is relatively small for the shorter
brushes, and the corresponding data saturate early.

The biopolymer length (i;,) significantly influences the amount
of adsorption on brush-modified surfaces, as illustrated in Fig. 11.
To characterize this, we consider biopolymers of three different
chain lengths [, = 1, 10, and 25, and monitor their adsorption up
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to tpa = 3000 at ¢, = 8 x 10~ The plots of g(r) versus r, and ¢pa
versus tpa are displayed in Fig. 11 with black, red, and green
symbols. They exhibit the biopolymer distribution and the frac-
tion adsorbed within the ATRP-brush matrix on CS, SS, and RS.
The brushes are allowed to grow on these surfaces till ¢z = 1500
for ¢; = 5%. These plots explain that the adsorption is more for the
longer biopolymer chains, independent of the modified surface
type. Notice the RDF curves in Fig. 11(a—c); the higher peak
strength at lower r certifies that biopolymers are more closely
packed around the modified surfaces for Z, = 25 and 10 (see the
green and red curves). However, the black g(r) curves show that
when we coarse-grain the biopolymer with a single bead (4, = 1),
they are loosely bound around the modified surfaces and uni-
formly distributed in a wide range of r from the surface beads.
The curves in Fig. 11(d-f) demonstrate that ¢y, saturates to
a finite value, i.e., the biopolymer adsorption attains a steady-
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Fig. 11 Assessment of biopolymer adsorption of different chain lengths: [, = 1 (black curve), l, = 10 (red curve), and [, = 25 (green curve) on the brush-
modified surfaces: CS, SS, and RS. The adsorption is allowed to continue for t,» = 3000. (a—c) RDF plot (g(r) versus r) and (d—f) the temporal variation of

the adsorbed fraction of biopolymers (¢pn).
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state value, for all the cases studied here within the adsorption
time ¢,, = 3000. Similar to the results obtained for [, = 25
(see Fig. 9 and 10), ¢, is higher at RS (¢4 ~ 11.6 x 10 °) than
at CS and SS with ¢, ~ 10.6 x 102 for I, = 10. It is interesting
to note that ¢, reaches its steady-state (constant) value sooner
with decreasing biomolecule size [,. The gap in ¢, values at
different modified surfaces is also getting insignificant. There-
fore, for I = 1, ¢ppa ~ 6.0 x 10> for all the modified surfaces
(see the black curves in Fig. 11(d-f)). This could be attributed to
a quick diffusion of smaller molecules into and out of the brush
region as the diffusion coefficient D ~ N, ', where Ny, is the
number of beads in a biopolymer chain. Since the diffusion of
longer biopolymer chains is slow, their saturation takes more
time than smaller chains. However, when longer biopolymer
chains are diffused into the brush matrix due to strong favor-
able interactions, they mostly remain trapped due to structural
constraints.

3.2. Experimental study

Further, we performed an additional experimental study to
verify the simulation results. We focus on biopolymer adsorption
at differently shaped brush-modified surfaces such as cups,
spheres, and disc surfaces; recall that we have considered the
rectangular surface in our simulation instead of the disc-shaped
surface. Nevertheless, we presumed that both the flat surfaces
(rectangular or disc) would yield the same result within the
statistical error. The details of the experimental setup are briefly
provided in ESIL.{ However, we can find a more detailed design
and explanation in some recent publications.'”*°

In the experimental study, we synthesize poly(DMAEMA)
brush-modified particles of various shapes such as spheres,
cups, and discs following our previous publications'”"® to
study the effect of particles’ shape on enzyme immobilization
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efficiency. To serve the purpose, first, we copolymerize the acrylate
monomers, iLe., methyl methacrylate (MMA) and 2-hydroxy
ethyl methacrylate (HEMA), and modify the hydroxyl groups
of HEMA moieties via reacting with bromopropionyl bromide
(poly(MMA-co-BEMA)) as discussed in our previous study.'”*’
The bromo functional moiety of the copolymer is then utilized
as an ATRP initiator to grow polymer brushes from the surface
of the particles consisting of the copolymer, poly(MMA-co-
BEMA). The particles with different shapes are made by
electrojetting a blend of polylactide (75%) and poly(MMA-co-
BEMA) (25%) under various conditions, as stated in Table S1
(ESIT).17’19

During the electrojetting process, the polymer droplets are
thought to be attracted to the collector at a low solution
concentration. The polymer droplet starts bending depending
upon the process parameters, resulting in the cup-shaped
particle formation. However, in the case of high concentrations
(3% w/v and 4.5% w/v), this bending is restricted because of
enough viscous forces acting on the droplet. At 3% w/v, the
viscosity is not very high, so there is fast solvent evaporation
from the polymer droplet’s outer shell, leading to polymer skin
formation outside the droplet. When solvent from the internal
core of this droplet gets evaporated, it leads to the collapsing of
the polymer droplet, and disc-shaped particles are formed."”"*°
However, at 4.5% w/v, the concentration gradient from the skin
to the core is comparatively high. In this case, relatively more
uniform solvent evaporation occurs from the shell to the core of
the jetted droplet leading to the formation of spheres. In the
next step, surface-initiated ATRP (SIATRP) is carried out for one
hour to grow poly(DMAEMA) brushes from the surface of the
spherical, cup, and disc-shaped particles.'” Brightfield images
and confocal laser scanning microscope (CLSM) images for
brush modified and ‘as jetted’ spheres, cup-shaped particles,

Fig. 12 Brightfield images of poly(DMAEMA) brush unmodified (a) spheres (average size — 4.9 um =+ 1.1), (b) cups (average size — 5.9 um =+ 1.6), and (c)
discs (average size — 8.4 um £ 1.0), and poly(DMAEMA) brush modified (d) spheres (average size — 16.2 um + 3.2), (e) cup-shaped particles (average size —

9.2 um =+ 1.8) and (f) disc-shaped particles (average size — 18.4 ym + 2.9).

17998 | Phys. Chem. Chem. Phys., 2022, 24,17986-18003
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Fig. 13 Confocal laser scanning microscopic (CLSM) images of poly(DMAEMA) brush modified (a) spheres (average size — 17.1 um + 3.6), (b) cup-shaped
particles (average size — 8.9 um + 1.4) and (c) disc-shaped particles (average size — 19.2 ym + 3.9).

and disc-shaped particles are shown in Fig. 12 and 13,
respectively.'”°

Later the a-glucosidase enzyme is allowed to adsorb onto the
surface of these brush-modified particles of various shapes via
electrostatic interactions."® It is found that brush-modified
disc-shaped particles exhibit the highest enzyme loading capacity
(58900 U g~ or 589 mg g~ * of particles), as displayed in Fig. 14.
This is in excellent agreement with the simulation results (shown
in Fig. 9-11). The brush-modified spherical particles demonstrate
the lowest enzyme immobilization capacity (41000 U g~ or
410 mg g ' of particles) (black curve). On the other hand, the
brush-modified cup-shaped particles adsorbed (red curve) in
between spheres and discs (44100 U g~ or 441 mg g ' of
particles) (blue curve in Fig. 14)."”° The cup-shaped particles
adsorb slightly more enzyme than spheres (within the error
bar), as observed by other researchers also.'* However, their
enzyme adsorption capacity was still less than that of brush-
modified disc-shaped particles. This may be due to the difference
in the availability of surface area of these particles for polymer
brush growth. Cup-shaped particles have the probability of
growing polymer brushes from inside and outside surfaces.
However, the grafting density of polymer brushes will be less
inside the cup due to the less accessibility of the monomer
(DMAEMA) inside the cup surface. Hence, polymer chain growth
will be restricted to the confined concave surface. In contrast, the

m
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Fig. 14 Immobilized enzyme (mg) per g of particles: (A) spheres, (B) cup-
shaped particles and (C) disc-shaped particles.
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disc surface should be equally available, leading to enhanced
grafting density and maximum enzyme immobilization
efficiency.’® The excellent qualitative agreement of the experimental
and simulation results further justifies our simulation model.

4. Conclusions

In conclusion, we have utilized the DPD approach to present a
generic and robust simulation model for surface fabrication of
different-shaped microparticles with surface-initiated ATRP
brush grafting. In particular, we have considered the initiator
embedded cup, sphere, and flat (rectangular/disc-shaped) sur-
faces for the modification. We then performed a comparative
study of biopolymer adsorption on these brush-modified sur-
faces to appreciate the critical chemical and physical processes
happening at the microscopic level.

Independent of the shape of microparticles, the monomer
conversion is enhanced with the increase of initiator concen-
tration for a fixed period of ATRP; thus, for any given surface,
we marked an increase in the radius of gyration and hydro-
dynamic radius under the same conditions. The reaction rate
kinetics depicted a linear brush growth, as expected for any
typical living radical polymerization process, thus validating
the chemical kinetics of our simulation model. We found that
polymerization reduced the shape factor for all the fabricated
surfaces at a fixed initiator concentration. However, we noted a
more significant change for the rectangular surface due to its
initial structural constraint that advanced to form a more
globular shape with polymerization. As illustrated by the radial
distribution function, we found uniform distribution of ATRP
brushes near the surface for all the initiator concentrations.
Still, they were denser at higher initiator concentrations. The
brush density smoothly reduced when moving away from the
surface, confirming the brush swelling in the solvent.

Further, we have studied biopolymer adsorption on brush-
modified surfaces. We have noticed enhanced biopolymer
adsorption with the increase of (i) brush length at a given
surface with fixed initiator concentration; (ii) initiator concen-
tration, which triggered the brush-modified surfaces with
higher grafting density and hence, a more swelled brush
morphology, and (iii) biopolymer concentration. In addition,
we observed biopolymer adsorption for an extended period,
allowing the amount of adsorbed biopolymers to reach a
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steady-state (saturation point) value for most cases studied
here. Most importantly, when adsorption reached a saturation
point at late times, the flat surface (rectangular/disc-shaped)
could adsorb (load) more biopolymers than the other two
surfaces having nearly the same adsorption. The experimental
results verified the same, considering disk-shaped flat surface
particles, cups, and spherical particles.

Finally, we have demonstrated a significantly high biopolymer
loading for a longer biopolymer chain length for all the surfaces.
Nevertheless, the modified flat surface had maximum adsorption
when biopolymers were modeled as linear chain molecules. When
the small biopolymer molecules were coarse-grained as a single
bead, we observed a significantly low and nearly similar loading
for all the modified surfaces. Overall, our simulation data
appeared to agree with the experimental results. These results
could lead to a different way of regulating the shape of complex
soft materials crucial to diverse applications in the biomedical
field. For example, the shape and surface chemistry are deciding
factors in advanced drug delivery and the development of biome-
dical devices using cell-material interactions.
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