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Abstract Monoclonal antibodies (mAbs) are proven biopharmaceuticals for the treatment of
chronic illnesses, including cancer, autoimmune, neurodegenerative, and infectious diseases. A
fundamental challenge for implementing mAbs in immunotherapy is protecting the protein
structure against damage and prolonging its circulation time, which can be achieved using bespoke
mAb delivery systems. One promising class of protein carriers is block-copolyelectrolytes
(BCPEs, one natural polyelectrolyte grafted to one neutral hydrophilic polymer block) which self-
assemble into stable micelles with a compact core of proteins and charged blocks surrounded by a
corona of neutral blocks. The simple, biocompatible nano-capsule separates the protein from the
outer medium. Here, we design a delivery system for Trastuzumab, an immunoglobulin used to
treat breast and stomach cancer. Our proposed mixture of block-copolyanions and block-
copolycations naturally promotes encapsulation through balanced physicochemical interactions in
water and is readily tailorable via molecular engineering of the block-copolyelectrolytes. By
developing an integrated coarse-grained model to screen different copolyelectrolyte carriers for
the specific antibody, we map the carrier assembly and encapsulation mechanism of Trastuzumab
in water. Our model identifies the parameters that control encapsulation and forecasts the expected
final morphology based on computed phase diagrams of the material over a range of conditions.
Specifically for Trastuzumab, we predict that increasing polymer concentration, chain length, and
solvent selectivity while decreasing block length ratio will provide more effective BCPE-based
mAb delivery. Our efficient computational model can guide future experiments in optimizing
copolyelectrolyte-based carrier systems for biopharmaceuticals.

Keywords: Antibody therapy, Protein delivery, Chemotherapy, Copolymer, Polyelectrolyte,

Block-copolyelectrolyte, Self-assembly, Aggregation, Coarse-grained molecular modeling.



1. Introduction

Over the past decade, protein therapeutics has become one of the most rapidly growing medical
research fields,! due to the diverse roles these biopolymers play as building blocks in human
physiology.® As drugs, proteins exhibit high target specificity with low toxicity and minimal side
effects.”® These properties make proteins and peptides effective drugs for treating various diseases,
including cancer, cardiovascular, and infectious diseases.!**!> Antibodies are large
immunoglobulin proteins that can recognize and deactivate their corresponding extracellular
antigens,'? and are increasingly used in cancer treatment due to outstanding selectivity against the
target cells.!*!® The mechanism of immunotherapy directly targets specific proteins (antigens)
uniquely expressed on the surface of cancer cells.” These antibodies are classified into two
primary types (monoclonal and polyclonal) and have essential roles in the immune response, and
therefore disease diagnosis and treatment.!® Several monoclonal antibodies (mAbs) have been
confirmed for clinical use, and many others will continue to be developed as

biopharmaceuticals.>!319-2!

The method of antibody administration is typically parenteral injection since oral delivery
systems are challenging to develop for these biologically active compounds.?> However, injected

23,24

macromolecule drugs can still suffer from enzymatic degradation”~* either at the administration

site or in circulation that can further reduce the pharmacokinetics of most classes of proteins.?*->26

Thus, antibody drugs require the development of delivery materials, in this case, protein carrier

systems that are efficient both in protein encapsulation and controlled release.?’

Polyelectrolyte materials have been investigated as novel platforms to stabilize and deliver
small molecule drugs, proteins, and peptides.?®?° Polyelectrolyte complexes form through

associative phase separation of oppositely charged polymers in an aqueous solution.’® These



charged polymers can be tailored to make completely hydrophilic or compartmentalized
assemblies in solution, depending on the chemical attributes, electrostatic interactions, and
arrangement of the constituent monomers.>!*? Therefore, they are promising candidates for
encapsulating large, more complex active pharmaceutical ingredients (APIs) such as proteins and
antibodies. However, the assembly mechanism of the complexes must be understood for

translation into safe, effective, and reliable end-use technologies.?***

To create a microphase separated micelle, a block copolymer must be designed with a block
of polyelectrolyte and a neutral block to drive self-assembly, combined with an oppositely charged
polyelectrolyte to complex with the polyelectrolyte block.*® The neutral block paired with the
charged block can be either hydrophilic or hydrophobic,*® which can determine whether the
polyelectrolyte complex is located in the core or on the corona of the micelle.*> Balanced
physicochemical interactions, such as hydrogen bonding and hydrophobic contacts, steer the
complexation process.’’® In obtaining overall charge neutrality, the concentration of these
complexes triggers the formation of the microphase-separated micellar structure, stabilized by the
hydrophilic neutral block.>* Moreover, if the polyelectrolyte block is paired with a hydrophobic
neutral block, the block copolymer will form a micelle, even in the absence of the oppositely

charged polyelectrolyte, with a hydrophobic core and a corona of polyelectrolyte.>

40,41

Various morphologies have been reported, including spherical micelles, worm-like

41,42 43,44

micelles,**? vesicles,”** and lamellae.**® A variety of factors such as temperature,*® mixing

1

ratio,*® salt concentration,*! and the net charges, charge distribution, and the concentration of

4647 are all thought to influence micelle morphology. For example,

polymers in the system
supramolecular polyelectrolyte complex micellar assemblies can be fabricated in a system

including a block-copolyelectrolyte, synthetic or natural polyelectrolyte such as DNA, and charged



proteins. 2% In these supramolecular complexes, the polyelectrolyte blocks act as shielding
materials to protect the protein from the outer medium. The neutral blocks prevent macro-
aggregation of the complexes, allowing self-assembly of stable polyelectrolyte micelles with
tunable size.?>>! These protein-containing supramolecular structures have attracted much interest
and have been employed for targeted, controlled delivery of therapeutic proteins.?*>>3 These and

other self-assembled protein carrier materials are discussed in Supporting Note 1.

Computational coarse-grained models can provide unique insight into microstructure to
complement experimental studies of the polyion/protein complex formation. In particular, this
technique is suitable for learning about assemblies of large proteins such as antibodies which are
very large for fully-atomistic models, and hence can be used to understand the morphology and
structure of the complex micelle. In this work, we develop a predictive dissipative particle
dynamics (DPD)**® coarse-grained model for a block-copolyelectrolyte-based system to carry
Trastuzumab, which is marketed as Herceptin®. Trastuzumab is an IgG1 mAb that is commonly
used in the immunotherapy of advanced breast cancers.’’ >’ However, its relatively large size
(approximately 150 kD) results in poor pharmacokinetics and weak tumor penetration.® To
encapsulate the antibody and so protect it from damage and prolong its half-life in the body, we
propose a polyelectrolyte-based platform made from self-assembly of two block-
copolyelectrolytes (BCPE) and IgG1. Polyethylene glycol (PEG) acts as the neutral block and in
the polyelectrolyte parts of the chains, one of them contains a polycation and the other a polyanion.
The models are presented in the Supporting Information in Figure 1.

Self-assembly of BCPE has been widely investigated by different research groups in

60,61 62,63

experimental and simulation studies, for example the Mays and the Pincus groups. In the

current study, we introduce this BCPE self-assembly platform as a potential candidate in the



promising field of antibodies therapy. We predict how to tune this platform to achieve high efficacy
in protein shielding, towards rational design of highly efficient biomacromolecule delivery

systems for, e.g., non-intraveneous, oral drug administration.

To the best of our knowledge, this work is the first of its kind to study
polyion/Trastuzumab complex aggregate formation using DPD coarse-grained modeling. We use
a 24-bead model proposed in ref.%* to represent the antibody, where each domain is constituted by
two beads, each representing a cluster of hydrophilic and hydrophobic amino acids, respectively.®*
To find the optimal polyelectrolyte complex-based capsule for the IgG1 antibody, we tune the
morphology and structure of the aggregate by varying the polyelectrolyte block properties.
Variables include block length ratio, concentration, backbone hydrophobicity, and degree of
polymerization. This current work can provide valuable insights and principles to rationally design

and engineer novel polyelectrolyte-based protein delivery systems.
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Figure 1. Schematic illustration of the BCPEs (left panel) and the IgG1 antibody (right panel). In BCPE models, PEG
(bead type B) and charged beads (bead type A) are presented with navy blue, gray (and aqua blue) colour codes,
respectively. The IgG1 model consists of charegd (and hydrophilic) and hydrophobic beads as shown with pink and
cyan balls, respectively. The values are the beads charges from ref.%®



2. Methodology
2.1. Simulation details

To enable modeling of multi-antibody self-assembly into stable architectures, we use a force field
based on the DPD scheme, a simulation technique intended to bridge the gap between atomistic-
level and large-scale analytical network simulations of complex fluids.’® We briefly summarise

the modeling paradigm below and the coarse-grain forcefield in the Supporting Note 2.
2.2. Computational model and methods

We constructed a simulation box of size 70 x 70 x 70 r2 (where 7, = 8.43 A (see below), yielding
an edge length of 59.01 nm and volume of 205483.45 nm®), which was filled with the IgG1

antibodies and the BCPE molecules, water, counterions with the particle number density p=3

ré

(where p= with 7, and vp,4 the cutoff radius and bead volume, respectively).>® Trastuzumab

Vbead

has a Y-shaped structure, which consists of two light chains and two heavy chains.>’ The light
chains contain two domains each, while each heavy chain has four.'® We modeled Trastuzumab
protein molecules using the coarse-graining method proposed by Dandekar et al.** (at pH = 6) with
~50 amino acids represented by a single spherical bead while preserving the molecule structural
features (see Figure 1). According to the proposed method, we modeled the amphiphilic nature of
protein molecules by classifying the beads based on charged and hydrophilic (bead type H) and
uncharged hydrophobic (bead type N) beads. The charges of the charged and hydrophilic bead
(type H) were taken from ref.%> and mapped onto the known Trastuzumab molecular structure.’*-
% In this study, a Y-shaped configuration of the IgG1 with a Fab—Fab angle of 36° was modelled

using a flexible CG representation® that incorporates the intramolecular interactions between



different domains in the antibody. The simulations were performed at a 10 mg/ml protein

concentration corresponding to 8 protein molecules in the simulation cell.

We modeled the polymer chains as fully flexible strings of repulsive beads (of the same size as the
solvent and protein beads), kept together by harmonic spring potentials. Two types of polymer
chains are denoted, A}, B, and A;,B,, where A* and A~ represent the positively and negatively

charged beads, respectively, and B indicates the neutral water-soluble bead (here, PEG), similar to

1.67

the method proposed by Sindelka et al.” The simulations were performed for four different

Total beads of polymer

concentrations of each type of polymer (¢, = ) 0f 0.02, 0.03, 0.04, and 0.05,

Total beads in system
which corresponded to 258, 386, 515, and 644 molecules of each BCPE in the simulations. Similar
concentrations of both types of BCPE are considered in all the simulations. To produce phase
diagrams with reasonable high-performance computing cost, the polymer models with the total

chain length (I; = m (polyelectrolyte block length) + n(neutral block length)) values of 40,

Neutral block len
Cha block leng

60, and 80 were used together with block length ratio (1, = = %) values of

0.45, 0.60, 0.78, 1.00, 1.28, and 1.67. While future studies could explore also longer chain lengths
for some of these systems, we note that each coarse-grained bead can include more than one
polymer repeating unit in its parametrization and so the chains with [, = 40-80 can model very

large and complex polymers.

In this study, based on the coarse-graining method of Trastuzumab, one protein bead
corresponds to roughly 50 amino acids; thus, a single bead in our model occupies a volume of 200
A3. % Each water and counterion bead (bead types W and I, respectively) represents ~ 6 water
molecules grouped into a bead; W is neutral, and I is charged. Posel et al.®® showed that applying

counterions of the same size as the solvent and polymer beads with smeared electric charge



representing an implicit “mean-field-like” averaging provides a correct treatment of the
electrostatic forces. This treatment of the counterions reproduces the conditions existing in
polyelectrolyte solutions in experiments by providing the correct numbers of counterions in
simulations and ensures a correct treatment of the contribution of ions to the system's entropy.
Each PEG bead (bead type B) is composed of about three repeating units.*® The mass of the water,
counterion, and polymer beads were set to 1, and the protein bead masses, available from ref.®>,

were normalized accordingly.

In our simulations, the modified velocity-Verlet integration algorithm is used to update the
coordination of each bead with the integration time step of 0.01. All simulations started from
random configurations. Each simulation was conducted with 3x10° to 4x10° steps using the GNU
program DL MESO?’, followed by post-processing using LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator)’! to extract physicochemical parameters and
obtain predictive design rules for the BCPE-based antibody carrier material. The computed

assemblies were visualized using VMD (Visual Molecular Dynamics).”?

2.3. Repulsive interaction parameters

First, we clarify the choice of interaction parameters which are listed in Table 1. The self-
interactions between like components (a;;) and interactions between the readily soluble
components and water, i.e., between counterions and water, are described by ayy = ayy = agq =
agp = Ay = ai = ay; = 25, as is common in DPD studies of polymer solutions and
corresponds to the Flory parameter y = 0.°° The interaction parameter between PEG and water is
agw = 26.3.7° The choice of other parameters requires more explanation: based on the system
studied by Dandekar,%* we use a set of parameters that describe IgG1 — IgG1 interactions and

interactions between IgGl and the aqueous solvent at the concentration of 10 mg/ml,

10



corresponding to values of ayy, = 70, ayy = 50, and ayy = 50. We assume [gG1-Tand IgG1—
PEG interaction parameters are similar to those of IgGl-water (ay; = 70, ay; = 50, ayg =
70 and ayp = 50), due to the similarity of the ‘I’ bead with the ‘water’ bead and the high level of
hydrophilicity of PEG. These interaction parameters could be refined in future work as
experimental data becomes available for a binary system of [gG1-PEG.

A central research question of the present work is, how does the chemical features of the
polyelectrolyte influence the morphology and shape of the delivery capsule it assembles around
IgG1. Hence, we control the solvent quality for ‘A’ beads by the interaction parameters a4y, and
a,;, the compatibility between A and B blocks by ayp, and between A blocks and IgG1l by
parameters auy and ayy. For simplicity, we assume a,y,=a4,=a4p (as also discussed above for
IgGl-water, IgG1—counterion, and IgG1-PEG; ayy =ay; = ayg and ayyy =ay; = ayg)- To control
the solvent quality of polyelectrolyte block, a4y, is tuned in the range of 25 to 40, which means
that the polyelectrolyte backbone affinity for solvent is converted from hydrophilic to
hydrophobic.”* It should be mentioned that polyelectrolyte interactions with hydrophilic
backbones are less critical than those with hydrophobic ones because most polyelectrolytes contain
a hydrophobic backbone and dissolve in water only because of the net charges on the chain.” Our
coarse-grained model does not depend on mapping the polyelectrolyte models on specific chemical
structures. Instead, by varying a,, we provide a comprehensive scan of the role of the
polyelectrolyte block solvent selectivity, which yields broad guidelines for the selection and design
of suitable polyelectrolyte block chemical structures for future experimental studies. The selected
range of auy (25-40)"° includes commonly used polycations such as polylysine,’
poly(diallyldimethyl ~ ammonium), poly(4-vinyl pyridine)-C1, quaternized  poly(N-

trimethylaniline),”® poly(4-vinyl pyridine)-C2, poly(dimethylamino)ethyl methacrylate (the DPD
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repulsive interaction parameter with water is 35 as reported in ref.”’) and poly(4-vinyl pyridine)-
C3.7® The selected range of a4y, can also be matched with polyanions, including polyacrylic acid,
polystyrene sulfonate, and poly(methacrylic acid).”””” The hydrophilicity of the polyelectrolyte
backbone can be modified, and the effect on compatibility with IgG1 beads predicted, by varying
the parameters ayy and ayy. Here we vary ayy and ayy in the ranges of 70-55 and 50-35

corresponding to ayy, values (25, 30, 35, and 40), which are presented in Table 1.

Table 1. Interaction parameters (a; and a;;) directing IgG1-BCPE assembly in water at 1gG1
concentration of 10 mg/ml, with bead types and parameter values, explained in the text.

H N A B W I
H 25 70 70(65)(60)(55) 70 70 70
N 70 25 50(45)(40)(35) 50 50 50
A T0(65)(60)(55) 50(45)(40)(35) 25 25(30)(35)(40)  25(30)(35)(40) 25(30)(35)(40)
B 70 50 25(30)(35)(40) 25 26.3 26.3
s 70 50 25(30)(35)(40) 26.3 25 25
I 70 50 25(30)(35)(40) 26.3 25 25

3. Results and Discussion
3.1. The theoretical model for polyelectrolyte assembly

Let us here briefly discuss the current concept of the aggregation (complexation) of oppositely
charged polyelectrolytes. In general, the morphology of a polyelectrolyte complex resembles a
compacted globule, with an interpenetrating internal structure of no apparent long-range order.
Although the presence of opposite charges on different chains is essential for aggregation induced
by charge neutralization in polyelectrolyte systems, the net contribution of electrostatics to the
system’s Gibbs free energy is not usually the lead driving force of this process. Regardless of
which pair is involved in electrostatic interactions, i.e., two ions, a charged group on the polymer

chain and an ion, or two charged groups on the polymer chain, the electrostatic forces can be
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balanced through their interactions over a given distance and thus the interaction energy is the

same. The main driving force is the entropic term that comprises two main contributions®’:

(a) "Entropy gain" due to counterion release upon mixing the solution and forming polyelectrolyte
aggregates. The extended polyelectrolyte chains collapse to form a compacted globule, driven by
the cooperative interaction between two oppositely charged polyelectrolytes. In principle, their
topologically connected charged monomers present a stronger affinity to its oppositvely-charged
analog than to discrete counterions. The solution after polyelectrolyte complexation consists of

freely diffusing counterions of both signs and a complex bound by oppositely charged chains.

(b) "Entropy penalty" due to aggregation of polymer chains, which is insignificant for small
aggregates but has considerable effect for large one. During complexation, the configurational,
translational, and rotational entropies of the polyelectrolyte chains are reduced, the extent of which

depends on how compact the chain is within the complex.

However, the electrostatic interactions and the entropy of the liberated ions only influence the
aggregation process. In contrast, the formation of specific aggregates (size, shape, and structure)
can be steered by other factors such as the amphiphilicity of the PE chains and the incompatibility
of chemically different blocks. There are two working hypotheses for BCPE aggregation: (1) If
the polyelectrolyte backbone is hydrophilic, the entropy increases due to the liberation of small

ions.®!

However, only small aggregates (or only dimers) can be formed because of the
hydrophilicity of the small formed aggregates. The process is both entropy-driven (ion liberation)
and entropy-controlled (entropy loss of polymer chains in aggregates). In this case, the enthalpy is

insignificant because electrostatic forces are balanced, and the aggregation process does not need

to minimize the contact between the charged blocks and water. Since IgG1 molecules are not
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compatible with the chains (hydrophilic backbone), they cannot influence the aggregation
significantly. (2) If the PE backbone is hydrophobic and incompatible with the neutral block,
enthalpy plays an important role. Due to incompatibility between the blocks and both water and
the hydrophilic neutral blocks, the system attempts to minimize the number of unfavorable
contacts between them that results in the formation of large aggregates. However, the self-
assembly is driven by a combination of entropy and enthalpy and controlled mainly by entropy,
analogous to the aggregation of neutral amphiphilic systems.®? Since the IgGl beads are
compatible with the chains (hydrophobic backbone), we propose the IgG1 molecules can catalyze

the aggregation due to enthalpy contribution and electrostatic interactions.

3.2. Self-assembly mechanism

In this study, DPD is applied to investigate the physical characteristics of supra-nanoscale
assemblies formed between BCPE and IgG1 in water. The BCPE chains are represented as A}, B,
and A;, B, where B indicates the neutral water-soluble bead (here, PEG), and A* and A~ represent
the positively and negatively charged beads, respectively. The effects of polymer concentration
(¢p), chain length (l;), block length ratio (73,), and polyelectrolyte backbone solvent selectivity
(aaw) are explored. The self-assembled architectures are mapped by grouping any beads that are
within one bead diameter of each other into the same aggregate.®’

First, we describe the computed self-assembly mechanism and the dynamic processes for
the formation of aggregates in one of the studied systems. Snapshots from a representative IgG1—
BCPE capsule containing IgG1, Af(Bs, and A5¢Bs (I; = 80,7, = 0.60, ¢, = 0.05, asy, = 40)
in water, are presented in Figure 2 to track how aggregates evolve with time. In the beginning, all

the molecules are randomly distributed in water (Figure 2a). Then, these randomly distributed
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molecules quickly self-assemble into a mixture of small core-shell aggregates (Figure 2b).
Subsequently, the small aggregates merged with the neighboring small aggregates and finally
formed large core-shell aggregates (Figure 2c-f). In every step of the self-assembly process, all the
core-shell aggregates contain a core of oppositely charged polyelectrolyte blocks (A* and A7) and
a shell of PEG (Figure 2g). At the end of the simulations, all the IgG1 antibodies are encapsulated
within the aggregates (Figure 2g and h). However, some IgG1-free core-shell aggregates are also
observed. Additional temporal snapshots and visualization of the aggregate internal structure are

provided in the Supporting Information in Figure S1.

184—86 180,87,88

Several experimenta and computationa studies argue that the polyelectrolyte
assembly has a strong favorable entropic contribution, which could be driven by the gain in
translational entropy of the condensed counterions®® that are released when the polyelectrolytes

bind together via very favorable electrostatic attractions.
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Figure 2. Spontaneous aggregation observed in a simulation consisting of IgG1, AZ,B3, and
AgoB3o(l; = 80, 1, = 0.60, ¢, = 0.05, ayyy = 40). The initial random mixture (panel a)
evolves during 3.0 x 10° steps into a complex-core-shell aggregate (panel f). The snapshots
correspond to simulation timesteps (a) zero, (b) 3 x 10%, (c) 1.2 x 10°, (d) 1.8 x 10, (e) 9% 10°,
and (f) 3x 10° steps. Panel (g) shows the magnified picture of a complex-core-shell aggregate
encapsulating IgG1. The complex-core region is omitted in panel (h) to indicate the IgG1 molecule
inside the aggregate. Gray, cyan, blue, and magenta beads represent A~, A*, PEG, and IgG,
respectively. Different color codes for IgG1 molecules (red, violet, green, and yellow) in panels
(g) and (h) are to clarify the IgG1 location and configuration in the aggregate. Solvent and
counterions are omitted in the visualizations for clarity.
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The computed structures track the evolution of the self-assembly of the IgG1-BCPE
capsules. Initially, the nuclei for the aggregate formation can form through two mechanisms: (i)
oppositely charged polyelectrolyte blocks complexing freely in water, and (ii) polyelectrolyte
blocks complexing on the IgG1 charged beads. In mechanism (i), the blocks make small complex-
cores covered by PEG-shell at the initial stage of the simulation that act as nuclei for the formation
of larger aggregates. In accordance with hypothesis (2) above, the polyelectrolyte backbone
hydrophobicity assists the complex formation, as more hydrophobic backbone units shield from
water by forming aggregates. On the other hand, in mechanism (ii), the nuclei formation can also
start with the complex formation of the polyelectrolyte block and the hydrophobic neutral and
charged beads of the IgG1 leading to the I[gG1-containing aggregates. Figure S2 of the Supporting
Information shows an example of the nuclei formation on the IgG1 and its growth. Besides
electrostatic interactions between IgG1 (bead type H) and the polyelectrolyte blocks (bead type
A), IgG1 hydrophobicity also has a prominent role in promoting antibody encapsulation through
mechanism (i1).

In both cases, the assembly proceeds by free chain adsorption onto nuclei during the early
stages (see Figure S2 of the Supporting Information) and terminates in aggregate fusion (see Figure
3). The aggregate fusion in each system can occur as IgG1-free aggregates fuse together, or IgG1-
free aggregates fuse with IgG1-containing aggregates, or by fusion of IgG1-containing aggregates.
The three mechanisms are shown in Figure 3. All three mechanisms contribute to assembling a
useful IgG1-containing aggregate that envelops and protects the antibody from the outer medium.
In agreement with hypothesis (2), fusion of IgG1-free aggregates grows the polyelectrolyte matrix
large enough to engulf large antibody molecules, which then allows IgG1 encapsulation via fusion

with IgG1-containing aggregates. It is worth noting that IgG1-IgG1 complexation that can occur
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at the initial steps of the assembly process can result in multi-IgG1-containing aggregates.
However, a combination of [gG1-IgG1complexation in the early stages and the fusion with the
fully or partially IgG1-free aggregates in the latter stages is necessary to achieve well-formed
multi-IgG1-containing capsules.

As a control, we simulated the same system in the absence of [gG1 molecules to understand
the effect of the protein on the self-assembly process. The time evolution snapshots and
visualization of the aggregated internal structure of the reference protein-free system are presented
in Figure S3. The same mechanism as described above was observed to describe the self-assembly
of the reference systems. However, the number of aggregates in the final system is higher in the
absence of protein meaning that the IgG1 molecules and their associated aggregate growth
mechanisms (an IgGl-free and an IgGl-containing aggregate and two IgGl-containing

aggregates) facilitated the self-assembly process.

Figure 3. The aggregate growth mechanisms through the fusion of (first row) two IgG1-free
aggregates, (second row) an IgGl-free and an IgG1-containing aggregate, and (third row) two
IgG1-containing aggregates. Magenta, cyan, and gray beads indicate IgG, A~ and A™, respectively.
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PEG beads are omitted in the visualizations for clarity. PEG beads are omitted in the visualizations
for clarity.

3.3. Phase diagram of A;,B,, A;,B, and IgG1 in water: Effects of copolyelectrolyte blocks
length ratio and polymer concentration

Figure 4 shows the morphological phase diagram of A}, B,, A,B, and IgG1 as a function of 7},

and ¢,. The polymer concentration, ¢,, is varied from 0.02 to 0.05, and the block length ratio,
T, = %, changed from 0.45 to 1.67. For each system studied, we ran three independent simulations

starting from different random initial configurations. The time evolution snapshots and
visualization of the aggregate internal structure at two points of the phase diagram, including the
systems with ¢, = 0.05 and ¢, = 0.02 (1, = 0.60, [, = 80, and a4y, = 40) are provided in the

Supporting Information in Figure S1 and S4, respectively.

0.05
0.67 = 0.04 0.815 £ 0.11 0.82 +0.01
0.04 g
! S W g
¢p 0.13 £0.05 0.82 £0.05 2.84+0.29
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0.03 7
0.57 £0.02 0.89 +0.06 2.29+0.21 3.55+0.47
0.02 l&%
1.47 £ 0.01 2.44£0.07 2.66 +0.03 3.15+0.31 3.40 +0.21 3.74 £ 0.47
0.45 0.60 0.78 1.00 1.28 1.67

rp

Figure 4. Morphological phase diagram of aggregate formed from IgG1, A} B,, and A;, B, in water
as a function of the polymer concentration (¢,,) and block length ratio () at a fixed [, = 80 and
asyw = 40. PEG beads are omitted in the visualizations for clarity. The values in the diagram are
the average contact between IgG1l and water beads, Cigci-w, together with standard deviations
computed across three sets of simulations. The results of the contact values were averaged across
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the sampled data (from the last 20 frames of each simulation. Each frame is 6000 DPD steps apart)
of three simulation runs.

To show the effects of 1, and ¢, on IgG1 encapsulation, for each point in the phase
diagram, only one of the IgG1-containing aggregates in the system is selected to present. For
clarity, only the cores of the selected aggregates are shown. In each of the presented cores, the
embedded IgGl is partially or entirely covered by the polyelectrolyte blocks complexes. In the
phase diagram, we identified two main regions according to the level of IgG1 coverage: the cores
with partially covered IgG1 (region 1) and cores with well-covered IgG1 molecules (region II).
Before discussing the assembly regions in more detail, it is essential to note that the simulation
system size may affect the size and structural characteristics of the aggregates. To obtain a better
understanding of the underlying factors influencing the region transitions in the phase diagram,
further analyses of the simulation results were carried out. Average contact number, Ci.j between
beads i and j per one i bead is measured by calculating the cumulative number of beads j around

. . fORC“tOff(nj(r))dT .
beads i, out to a contact cutoff distance R yiofr, defined as Cij = — Here, n;(r) is
2

the distance » dependent number of beads ;j around beads i. The contact cutoff, Reyorr = 1.57;
covers the first maximum of the radial distribution function. N; is the total number of beads i in
the system. Accordingly, the average contact number between IgG1 and water beads per bead of
IgG1, Cigi-w, and between IgGl and polyelectrolyte beads per bead of IgGl, Ciggi-a were
calculated. The calculated contact numbers as a function of 73, and ¢, are presented in Figure 5,
and are also shown for convenience in the phase diagram. We used the Cigg1-w values to track the
transition between the poorly-protected and well-protected regions. All the points with Cigci-w >1
are placed in region (I), and region (II) contains all the systems with Ciggi-w <1. The computed

contacts were averaged over the sampled data (from the last 20 frames of each simulation) of the
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three statistically independent simulation runs and are presented together with their corresponding
standard deviations. According to Figures 4 and 5, at a fixed ¢,, by increasing 73, the level of 1gG1
coverage by the complex-core decreases, which is confirmed by an increase in CiGi-w and a
decrease in CigG1-a. The reasons for this observation are twofold. First, by increasing 7y, the charge
of the BCPE chains decreases, leading to a decrease in entropy gain (of the counterion liberation)
and electrostatic interaction that hampers complex-core formation and growth (according to
hypothesis (1)). Secondly, since bead type A is hydrophobic in all the simulations in this phase
diagram, increasing 73, increases the chains hydrophilicity which promotes the formation of the
smaller aggregates that cannot embed even a single IgG1l molecule properly (according to
hypothesis (2)). Moreover, Figures 4 and 5 show that at a fixed r;,, by increasing the polymer
concentration, Cigg1-w decreases, and Cigg1-a increases, which represents the improvement in IgG1
encapsulation by the complex-core in the presence of more polymer chains. Since the A block is
hydrophobic and incompatible with the B block, increasing the polymer concentration signifies an
improvement in the net entropic gain and enthalpy contribution that together facilitate the

aggregation.
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Figure 5. Average contact between IgG1 beads and (a) water beads, and (b) polyelectrolyte block
beads (bead type A), per IgG1 bead. The embedded figure is figure 5b from a different view.

The radial distribution functions (RDF) between IgG1 and water beads, calculated for systems at
two polymer concentrations with varying 1;, (see Figure 6), confirms the inferences drawn from
the computed contact numbers. The first peak in the RDF (which shows the direct contact between
IgG1 and water beads) decreases in height at smaller 7, and almost disappears for the system with
the lowest 13,. The smaller values of RDF at lower 7, can be explained by the layered formation of
larger aggregates that better protect I[gG1 molecules from water by embedding them in their large
complex-core. The growth of the aggregate complex-core over time in these systems is presented
in Supporting Information Figure S5, confirming the formation of a larger aggregate by decreasing
13,, analogous to the observation in ref.>’. Moreover, the RDF between the IgG1 and polyelectrolyte
blocks (bead type A) presented in Supporting Information Figure S6 also reveals an increase in

the IgGl-polyelectrolyte contact by increasing 7;,. To understand how the polycation and
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polyanion are distributed on the IgG1 molecules, the RDF between the [gG1 and polycation (and
polyanion) blocks, for some selected points of the phase diagram are presented in the Supporting
Information in Figure S7 and S8. No significant difference between the RDF curves (IgGl-
Polycation and IgG1-Polyanion) is observed, meaning a random interpenetrating of the polyanion,
polycation blocks, and IgG1 molecules took place in the self-assembly process without apparent

long-range order.
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Figure 6. Radial distribution function between the IgG1 and water beads for the systems with
different 73, (0.45, 0.60, 0.78, 1.00, 1.28, 1.67), (a) l; = 80, asy, = 40 and ¢, = 0.05, and (b) [; =
80, a,y = 40 and ¢, = 0.04. RDF data analysis is based on the last 20 frames of the simulations.
In the legend, the values are 13,.

Figure 7 summarizes the quantitative data derived from three independent simulations of
the systems with polymer concentrations of 0.05 and 0.04. Initially, most of the polymer chains

and IgGl1 are free; at the end of the simulation, essentially all of the chains and IgG1 molecules
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are incorporated into a few large aggregates. This behavior is expected since the polyelectrolyte
block backbone and the IgG1 molecules (at the studied IgG1 concentration) are hydrophobic. In
the final aqueous solvent, the lack of a protective coating makes fusion and coagulation likely for
each aggregate collision. The final experimental system would presumably form one or a few large
aggregates, the size of which would depend on the polymer concentration, chain length, block
length ratio, and polymer-solvent selectivity.

As illustrated in Figure 7, the general shape of the aggregate number curves can be
understood by accounting for the competition between aggregate formation and the growth of
existing aggregates. Initially, most of the polymer chains and IgG1 are free; thus, the probability
that a polymer chain (or IgG1 molecules) encounters another polymer chain (or IgG1 molecules)
rather than an aggregate is high, and the number of aggregates increases. As more aggregates form
and grow by addition of a single chain or IgG1 molecule, the decrease in the concentration of free
polymer chains (or IgG1 molecule) reduces the new aggregate formation rate. Finally, the fusion
of existing aggregates into larger ones decreases the total number of aggregates (see Figure 3 for

the mechanisms of the aggregate fusion).
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Figure 7. The time evolution of the number of aggregates (Nagg) for the systems with different r;,
(0.45,0.60, 0.78, 1.00, 1.28, 1.67), (a) I, = 80, asyy = 40 and ¢, = 0.05, and (b) [; = 80, asy =
40, and ¢, = 0.04. The insets show fits to the exponential model of the number of aggregates for
times between to and 43x10%, and at different simulation steps for different block length ratios, 7y,.
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The results were averaged across the three simulation runs, and the standard deviations were
plotted as error bars on the data. In the legend, the values are r3,.

To assess the kinetics of aggregate formation, we estimated the times associated with this
process. Although there are many possibilities, here we define the aggregate formation time 1. by

fitting the number of aggregates (Nqg4) curve versus time after the maximum to the expression

t
Nggg (t) = De 7, in which t and 1 are time and characteristic time, respectively. We fit the data

from the time at the maximum point until a time of 43x10*. Figure 7 shows the fitting curves of
the systems with a polymer concentration of 0.04 and 0.05. Table 2 summarizes the characteristic
times associated with all the simulations. At a fixed 13, the lower polymer concentrations generally
lead to longer characteristic times, consistent with the decreased probability of interactions when
concentration is reduced. On the other hand, at a constant polymer concentration, increasing 73,
gives longer characteristic time because we are decreasing the polyelectrolyte block length, which
is one of the fundamental driving forces of antibody encapsulation (according to the working

hypothesis).

Table 2. Characteristic time (in DPD unit) of the aggregate formation process as a function of ¢,

and 1, at a fixed [, =80 and a,,,=40. The values in parentheses are the coefficients of

determination of fitting, R

©Op v 045 0.60 0.78 1.00 1.28 1.67

0.02 4.25x10° 4.50x10° 4.50x10° 6.00x10° 6.25x10° 6.50x103
(0.990)  (0.994)  (0.965)  (0.955)  (0.985)  (0.984)

0.03 4.15x10° 4.25x10° 5.25x10° 5.75x10° 6.00x10° 6.00x103
(0.980)  (0.990)  (0.968)  (0.965)  (0.980)  (0.935)

0.04 225x10° 2.50x10° 3.50x10° 5.00x10° 5.00x10° 5.00x103
(0.990)  (0.980)  (0.997)  (0.937)  (0.910)  (0.944)

0.05 2.00x10° 2.00x10° 3.33x10° 3.33x10° 5.00x10° 5.00x103
(0.985)  (0.979)  (0.972)  (0.963)  (0.963)  (0.946)
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3.4. Phase diagram of A;,B,, A;B, and IgG1 in water: Effects of copolyelectrolyte blocks
length ratio and the polyelectrolyte block solvent selectivity

To systematically investigate the morphologies self-assembled from A}, B,, A;,B,, and IgG1 in
selective solvents for the copolyelectrolyte blocks (bead type A) and with different block length
ratios of BCPE, a morphological phase diagram was constructed. The phase diagram is displayed
in terms of the interaction parameters a,y, and 73, at a fixed ¢, = 0.05 and [; = 80 (see Figure 8).
To study the solvent selectivity in addition to varying ayy,, the interaction parameter between the
polyelectrolyte and the counterion (ay;), the interaction parameter between the polyelectrolyte and
PEG (ayp), and the interaction parameters between the polyelectrolyte and IgG1 (asy and auy)
were also changed correspondingly (according to Table 1). The time evolution snapshots and a
visualization of the aggregate internal structure of one of the phase diagram points (I, = 80,1, =
0.45, ¢, = 0.05,and a,y = 35) are provided in the Supporting Information in Figure S9. We
define the regional boundaries in the phase diagram as follows: (1) making a separation between
aggregate-containing and solution-containing regions, and (2) making a separation between the
different subregions in the aggregate-containing area based on the values of Ciggi-w (as discussed
in Section 3.3). Three main regions were specified in the phase diagram, accordingly. In region (1),
only slight aggregation is detected due to the hydrophilicity of the copolymer chains and their
incompatibility with the IgG1. In region (II), the aggregates formed, but IgG1 was only partially
encapsulated. In this region, the nucleation and aggregate formation is the consequence of
increasing a,y, (increasing the surface tension between the polyelectrolyte backbone and water).
However, increasing 73, acted as a controlling factor that limited the assembly of the envelope. In

region (III), the IgG1 molecules are completely encapsulated in the complex-cores with lower
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values of Cigg1-w. Our model shows how increasing a,y, and decreasing 73, can reinforce the role
of the mechanisms of nucleation (mechanisms (i) and (ii)) and aggregate fusion in the self-

assembly process.
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Figure 8. Morphological phase diagram of aggregate formed from IgG1, A}, B,, and A;,, B,, in water
as a function of the polyelectrolyte block solvent selectivity (a4 ) and block length ratio (1) at a
fixed l; = 80 and ¢, = 0.05. The values in the diagram are the average contact between IgG1 and

water beads, Cigg1-w. The results of the contact values were averaged across the sampled data (from
the last 20 frames of each simulation. Each frame is 6000 DPD steps apart) of three simulation
runs.

The observations in the phase diagram confirm the working hypotheses. The values in the
phase diagram show the average contact number between IgG1 and water beads per bead of the

IgG1. According to the contact number data (see Figure S10 of the Supporting Information), the

best protection of IgG1 (the most effectively buried protein with the lowest contact with water)
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happens at the lowest 13, and the highest a,y,. In Figure 8 and Figure S10 we show that at a fixed
Ty, increasing a,y, leads to a decrease in the IgG1 contact with water. Similarly, at a fixed a,y,
the larger complex-core can better surround and protect the IgG1 molecules simply by decreasing
Tp.

The RDFs between IgG1 and water and between IgG1 and polyelectrolyte blocks beads
are presented in Figure 9 as a function of a,y,, for three systems with different 3, 0.45, 0.78, and
1.28. The RDFs of the rest of the systems are presented in Supporting Information, Figure S11. It
can be seen in Figure 9 that at a fixed 73, by increasing a4y, the RDF value of [gG1-W decreases
while that of IgG1—-A increases, which confirms the results of the IgG1 average contact number
with water. Moreover, the early plateau in the RDF curves for the systems with a,y, = 25, with
the RDF values around 1, confirms that the aggregation could take place only slightly in those
systems (region (I), which agrees with hypothesis (1)). Increasing the RDF value of IgG1-A by
increasing a,yy, i.e., increasing probability of finding A beads in the vicinity of IgG1, confirms the
better protection of IgG1 molecules by the complex-cores.

To investigate the kinetics of the aggregate formation, we computed the time evolution of
the number of aggregates (Nag) for the systems with different polyelectrolyte block solvent
selectivity (see Supporting Information, Figure S12), as derived from three independent
simulations. Since significant aggregation was not observed for the system with a,y,,=25, we did
not include it. The results reveal that at a fixed block length ratio, 73, at each step of the simulation,
higher ayy, values for the polyelectrolyte produces lower Nage. This observation quantifies the
effect of hydrophobicity of the polyelectrolyte backbone as one of the driving forces for nucleation,
aggregate formation, growth, and aggregates fusion. To complete our study on the kinetics of the

aggregation, we also calculated the characteristic time, 7. (Table 3). As discussed previously,
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increasing 13, slows the assembly, i.e., increases 7.. On the other hand, at a fixed 1y, increasing
asy (increasing the incompatibility between IgG1 and water), promotes aggregate formation,

yielding smaller 7. (confirming the working hypothesis).
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Figure 9. Radial distribution function between the IgG1 and water beads for the systems with
different a,y, (25, 30, 35,40), I, = 80,¢, = 0.05, and (a) 1, = 0.45, (c) 1, = 0.78, and (e)
1, = 1.28. Radial distribution function between the IgG1 and the polyelectrolyte beads (type A)
for the systems with different a,y (25, 30, 35,40), I, = 80, ¢, = 0.05, and (b) 1, = 0.45,
(d)r, = 0.78, and (f) r, = 1.28. RDF data analysis is based on the last 20 frames of the
simulations. In the legend, the values are ayy,.
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Table 3. Characteristic time (in DPD unit) of the aggregate formation process as a function of a,y,
and 7, at a fixed ¢, = 0.05 and [; = 80. The values in parentheses are the coefficients of

determination of fitting, R,

anel  0.45 0.60 0.78 1.00 1.28 1.67

30 8.20x10° 8.50x10° 8.75x10° 9.50x10° 9.50x10°  1.00x10*
(0.968)  (0.977)  (0.988)  (0.945)  (0.970)  (0.902)

35 3.25x10°  4.50x10° 4.75x10°  5.00x10° 5.00x10° 5.00x10°
(0.980)  (0.975)  (0.987)  (0.957)  (0.980)  (0.977)

40 2.00x10° 2.00x10° 3.33x10° 3.33x10° 5.00x10° 5.00x103
(0.985)  (0.979)  (0.972)  (0.963)  (0.963)  (0.946)

3.5. Phase diagram of A} B,, A;,B, and IgG1 in water: Effects of copolyelectrolyte block
length ratio and chains length

Our model also tracked how the polymer degree of polymerization and block length ratio can
impact the aggregate morphology. The morphological phase diagram with block length ratio, 1,
and chains length, l;, is plotted in Figure 10. It can be observed from the diagram that at a fixed
Tp, increasing the chain length from 40 to 80 leads to a decrease in the average contact between
IgG1 and water. We suggest two possible reasons for this observation. Decreasing the chains
solubility in water by increasing the degree of polymerization, while on the other hand by
increasing the chain length and having longer polyelectrolyte blocks, the formation of the
aggregates with larger complex-cores can better desolvate IgGl molecules (improving the
aggregate growth mechanisms). The average size of the aggregate complex-core versus time
corresponding to the systems with 1, = 1.67 (a4 = 40, and ¢, = 0.05) in the phase diagram
are presented in Supporting Information Figure S13. The curves map out, at a constant 73, the

growth in complex-core size with an increase in the chains degree of polymerization.
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Figure 10. Morphological phase diagram of aggregate formed from IgG1, 4} B,, and A;B,, in
water as a function of the polymer chain length (l;) and block length ratio (r3,) at a fixed ¢, =
0.05 and ayy, = 40. PEG beads are omitted in the visualizations for clarity. The values in the

diagram are the average contact between IgG1 and water beads. The contact values were averaged
together across the sampled data (from the last 20 frames of each simulation. Each frame is 6000
DPD steps apart) of the three simulation runs, and the standard deviations in these amounts were
calculated accordingly.

As can be seen in the phase diagram, based on the values of Ciggi-w, there are two main
regions detected: in the region (I), IgG1 molecules are not coated properly by the complex-cores,
as evident from both the morphologies and IgG1 average contact with water. In region (II), the
core-shell aggregates with appropriately encapsulated IgG1 molecules in the complex-core area
are observed. In the current modeling system, we could predict how tuning a combination of these
two effective factors (1, and [;) can synergistically impact the IgG1 encapsulation. The RDF

between IgG1 and water beads for all points of the phase diagram is presented in the Supporting

Information, Figure S14. The results show that at a fixed polymer concentration, ¢,, and a fixed

block length ratio, 73, the RDF values between IgG1 and water beads decrease with an increase of
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the polymer chain length, which confirms the results of average contact with water in Figure 10.
The results of RDF between IgG1 and the polyelectrolyte blocks (bead type A) are presented in
the Supporting Information, Figure S15, confirming the increase in the RDF values by increasing
l;, at fixed polymer concertation and block length ratio. Finally, the RDF curves between I1gG1
and polycation (and polyanion) blocks presented in Figure S16 show a random interpenetrating

structure of the charged blocks on the IgG1 molecules (as discussed in Section 3.3).

4. Conclusions

Through a systematic, extensive scan of the physicochemical parameters of protein-polyelectrolyte
assembly using a bespoke computational model, we identified the key design principles to create
an effective drug delivery vehicle to fully encapsulate the monoclonal antibody, Trastuzumab
(IgG1), using a block-copolyelectrolyte (BCPE) material. We predicted phase diagrams and self-
assembly mechanisms in a three-component mixture of block-copolycation, block-copolyanion,
and IgGl in water using DPD simulations. The BCPE chains were composed of a neutral
solvophilic block of polyethylene glycol (PEG) and a charged block. Keeping a fixed IgGl
concentration, we investigated the effect of four important systems parameters on the self-
assembly and encapsulation of IgG1, including block length ratio (13,), polymer concentration
(¢p), polyelectrolyte block solvent selectivity (a4 ), and polymer chain length (l;). We showed
that in particular conditions, the three-component mixture self-assembled into core-shell
aggregates. The core is composed of the polyelectrolyte complex that is covered and stabilized
with a shell of PEG. In each system, two types of aggregates were observed, [gG1-free and IgG1-
containing aggregates. The results show that in IgG1-containing aggregates, the IgG1 molecules
are placed in the complex-core area. The self-assembly started by quick aggregation of randomly

distributed molecules into a mixture of small core-shell aggregates. The small aggregates could

34



form either freely in water or on charged sites of IgG 1. Therefore, the small aggregates fused into
the neighboring small aggregates and finally formed large core-shell aggregates. We observed
three aggregates fusion mechanisms that led to aggregate growth, including the fusion of two
IgG1-free aggregates, one IgG1-free and one IgG1-containing aggregates and, the fusion of two

IgG1-containing aggregates.

The assembly response and transitions were also studied by providing morphological phase
diagrams in terms of the system parameters. In the first phase diagrams, we observed the effect of
varying 15, (block length ratio) and ¢,(polymer concentration) on the morphology of the
aggregates and average contact between IgG1 and water. Our main finding is that, at a fixed
polymer chain length and solvent selectivity, better encapsulation of IgG1 occurred when we
decreased 13, and increased ¢,,. The second morphological phase diagram, which was as a function
of 1, and ayy, (polyelectrolyte block solvent selectivity), showed that regardless of the value of 13,
to form aggregates, a,y, should be sufficiently large. According to this phase diagram, increasing
ay besides decreasing 13, made an improvement in the IgG1 encapsulation. We also studied the
effect of simultaneously varying 13, and [; (the polymer chain length) via the third phase diagram.
We observed that decreasing 13, and increasing [, together promoted the creation of larger
aggregates that were able to enclose single or several I[gG1 molecules in their complex-cores.

By varying the system parameters, we identified the ranges in which properly 1gGl-
protecting aggregates assemble. The work revealed some important practical guidelines for IgG1-
BCPE assembly formation. Our simulations predict that increasing solvophobicity of the
polyelectrolyte blocks backbones, polymer chain length, and polymer concentration and
decreasing the block length ratio will create optimal conditions for efficient encapsulation of IgG1

macromolecules inside the proposed BCPE-based delivery system. The DPD based computational

35



framework we developed can be easily tuned for the design of other types of biopharma carrier
systems with different biomolecules and any current or future self-assembling nanostructures in
solution.

The structural transitions presented here, and their relation to direct polymer chemistries
via the interaction parameters, provide guidelines for the IgGl1-BCPE assembly. However,
naturally, for designed polymeric systems, other practical factors such as the atomic-scale
chemistry of the hydrophilic block, charge fraction, BCPEs stoichiometry, the presence of buffers
and other environmental molecules, and temperature will all influence the assembly. As a final
point, to make the proposed system applicable as a carrier for IgG1 particularly for treatment of
stomach cancer, it would be interesting to explore and design future BCPE-based delivery systems

that are particularly robust at low pH.

Associated Content Current state of the art in experiments and modeling of protein encapsulation
by organic self-assemblies. Time evolution formation of the system includes IgG1, Af,B3, and
AsoBs3o(ly = 80,1, = 0.60, ¢, = 0.05, a,y = 40). Visualization of enveloping of IgG1. Time
evolution formation of the system includes Az,Bsq and Ag,B3o(l; = 80,7, = 0.60, ¢, = 0.05,
auy = 40). Time evolution formation of the system includes 1gG1, A} B3, and A5yBso (I =
80,1, = 0.60, ¢, = 0.02, a,y = 40). Time evolution of complex-core size (number of beads A
in the core) and radial distribution function (between the IgG1 and the polyelectrolyte block) for
the systems with different 7, include (1) [, =80,a,y = 40,and ¢, = 0.05,and (2) [, =
80, asw = 40,and ¢, = 0.04. Radial distribution function between the IgG1 and the polyanion
(and polycation) with different 73, and ¢, (I; = 80, a,y, = 40). Time evolution formation of the
system includes IgG1, AgsB;s and AgsB,s (I = 80,1, = 0.45,¢, = 0.05, asy = 35). Average
contact between IgG1 beads and water beads and radial distribution function as functions of 7,
and a,y, at a fixed polymer concentration ¢, = 0.05 and a fixed chain length [, = 80. The time
evolution of the number of aggregates (Nagg) at different simulation steps for different asy, (¢, =
0.05, l; = 80, and 13, = 0.78). Time evolution of complex-core size (number of A beads in the
core) for the systems with different l; (asy = 40, ¢, = 0.05,7, = 1.67). Radial distribution
function between the IgG1 and water beads for the systems with, a,y, = 40, @, = 0.05, as a
function of [; and r;,. Radial distribution function between the IgG1 and the polyelectrolyte (bead
type A) beads for the systems with different, ay, = 40, ¢, = 0.05, as a function of I, and 7;,.

Radial distribution function between the IgG1 and the polyanion (and polycation) for the systems
with different [; (40, 60, and 80), and (a) 1, = 0.60, a4y = 40 and ¢, = 0.05.
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