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Supporting Note 1: Current state of the art in experiments and modelling of protein

encapsulation by organic self-assemblies

Xie et al.' very recently synthesized antibody fragment (Fab) carrying micelles comprised of cationic
disulfide cross-linked poly(ethylene glycol) (PEG)-poly(*-lysine) block copolymers labeled with glucose
transporter molecules to treat Alzheimer’s disease by inhibiting aggregation of amyloid-beta (Ab) peptides
in the brain parenchyma. Using the polymeric nanomicelle system they achieved the higher Fab
accumulation in the brain compared to free Fab. Another system by Min et al.? also targeted brain
parenchyma but instead demonstrated the encapsulation and delivery of antisense oligonucleotides (ASO)
across the blood-brain barrier (BBB), using a polyion complex micelle self-assembled via electrostatic
interactions from modified PEG-poly(*-lysine) copolymers. In this system, the ASO was captured in the
core of the micelle with a dense shell of PEG, prolonging its circulation in blood. Li ef al.* designed a series
of folate-functionalized PEG-L-glutamate derivatives as tumor-targeting carriers for cytochrome c (a
positively charged protein), which showed improved drug-loading stability and protection of encapsulated
proteins from degradation. Finally, Nukolova et al.* developed a tumor-targeting mAb delivery platform
based on diblock co-polyelectrolytes of PEG-poly(methacrylic acid) derivatives. Their novel surface-

functionalized cross-linked nanogels represented highly swollen spherical polyelectrolyte particles with



free terminal aldehyde functionalities at the non-ionic PEG chains covalently conjugated to the amino

groups of mAb.

Kim et al.’ created a polyion complex micelle structure loaded with mAb derivatives that were
charge-converted to improve stability, delivery to the cytosol, and precise antigen recognition inside cells.
Applying a mixture of homo- and block polycations in an appropriate ratio to construct polyion complex
micelles significantly enhanced the endosomal escaping efficacy of the loaded antibody, leading to better

l 6,7

recognition of intracellular antigens. Pispas et al.*’ showed experimentally that complexation of lysozyme

with  sodium  poly(sulfamate-carboxylate) isoprene-block-poly(ethylene oxide) (PSCI-b-PEO)
anionic/neutral block copolymers results in micelle formation at neutral pH and in the salt concentration
range of 0.05-0.15 M. They revealed that micellar structure and stability depended on the charge mixing
ratio and the composition of the block copolymer. All these studies, however, have focused on
experimentally observing polyions/protein and devising strategies to produce complex micelles without
focusing on understanding the molecular mechanisms that drive the block co-polyelectrolyte/protein
complex micelle formation. Understanding how polyion/protein complex micelles form is crucial for
developing this unique protein delivery platform. However, due to the short time and length scales at which
polyion/protein complex micelle form and operate, which are challenging to detect by experiments alone,
there is still a lack of knowledge about the complex formation processes underlying protein transport.®?
Suitably benchmarked and parameterized computer simulation methods can provide the necessary
molecular details to better understand how the protein is encapsulated and transported by polyion complex
micelle carriers. Molecular dynamics (MD) simulations have been recently used to understand the
polyion/protein complex micelle formation. Using MD simulations, Zhang et al.'® showed that the
micellization between lysozyme and PEG-poly(methacrylic acid) progressed via a two-step mechanism:
(1) an electrostatically-driven adsorption of the poly(methacrylic acid) PMAA block onto the oppositely
charged sites on lysozyme, and (2) the compaction of the complex driven by attractive hydrophobic

interactions between non-polar lysozyme regions and the backbone of the PMAA.



Supporting Note 2: Coarse-grained force field

The dynamics of each particle (with index 7) is governed by Newton's second law as follows

dr; dv;
—=Vir 0 =fi (1)

Here, f; represents the net force acting on a particle i and r;, v; represent the position vector
and the velocity of the bead center of mass, respectively. f; can be expressed as a combination of
interparticle forces, i.e., conservative force (F};), dissipative force (F}}) and a random force (F}})

in the following form
fi = Xj=i(F5 + F + Ff (2)
The conservative force is a soft repulsive force acting between the particles as follows

FC = ay(1—=rj)fy (<)
Y 0 (rij = rc)

3)

Here, 7y is the interparticle distance, 7;; is the unit vector connecting the particles, and 7,
is the cutoff distance. a;; is the maximum interparticle repulsion which is often referred to as the
interaction parameter. Additionally, the dissipative and random forces, which represent the

collision between atoms, are coupled in a way that keeps the temperature constant and are given

by
Fj = —ywP)(Fyvi)fy . F = owR(i)0; @

Here, v;; = v; —v;, and wP and wR are weight functions associated with the dissipation

and random forces, which obey the relation

wP(ryy) = Wk (ri)1? = {(1 ) (< rc)} (5)

0 (rij = T'C)

0;i(t) is a randomly fluctuating variable which satisfies, < 8;;(t) > =0 and <
0;j()0y,(t') >= (046, + 0;0;)8(t —t'), where 5(t) is the delta function. o and y represent

the amplitude of the random and the dissipative forces and are coupled by a2 = 2ykgT, where



kg is the Boltzmann constant, and 7 is the temperature of the system. In our simulations, y is

chosen as 4.5 ' and kgT is chosen as 1.0.!?

Groot and Warren!! mapped the DPD model onto the Flory—Huggins (FH) model and
established a link between a;; and the chi-parameter y;:

ajitaj;i ¢
Xij = 2Cpri(a; — T”) kTTT (6)

where p is the total particle density and C is a constant that depends on p. Assuming a;; =
aj; and using the equation of state for the soft repulsive DPD fluid together with the
compressibility value for ambient water, Groot and Warren derived an expression for like-

repulsive parameters:

Qa;ire _ aj]'rc _ 75 (7)

kgT  kgT _ prd

They further obtained linear relationships between a;; and y;; for p = 3:

kel — kgT T 3.27xi 3

For readers' comfort, we recall that the value a;; = 25 describes the favorable interaction
and corresponds to y;; = 0, a;; = 26.64 emulates the O-state (x; = 1/2), while a;; = 35 describes
a relatively unfavorable interaction corresponding to x;; = 3, and a;; = 40 describes highly

unfavorable interactions corresponding to y;; = 4.59.

Electrostatic interactions

The motions of the uncharged beads are entirely governed by the coarse-grained force field
described above; however, for charged beads, electrostatic interactions need to be carefully
accounted for as well. In DPD method, the conservative force is well defined at r;; = 0, with full
overlap between particles. However, the electrostatic energy of two point charges diverges at 7;;
= 0, and so the addition of the electrostatic interactions could result in unphysical collapse of
oppositely charged beads on top of one another. '* To overcome this artefact, Groot'® proposed the
use of charge distributions instead of point charges. In this context, Gonzalez-Melchor et al.'*

proposed to use the Ewald method in combination with charge distributions on DPD particles.
4



Accordingly, the Slater-type exponential distribution, f(r) = # exp (— 2%) was used to describe

the charge distribution in the beads in order to remove the divergence at 7;; = 0. Therefore, the

electrostatic force between beads i and j is represented as

FE = qiq;' Ap[1 — exp(—2p7;)) (1 +2B7;(1 + Erij))]ﬂ,- 9)

4mr{ i

Here, Ag = e?/(kgTeye-R.), where e is the elementary charge, & is the vacuum
permittivity, &, is the relative permittivity of the medium, ¢ is the charge, and f = r./4 where 4 is
the decay length of charge. We used the decay length of the charge A = 0.2 and Bjerrum length A5
= 1.1 in DPD units. The long-range electrostatic interactions were calculated using the Ewald sum

el_

with cut-off 7°*= 3, real-space convergence parameter o

Nar = (5,5,5).1

ES' = 0.975 and reciprocal vector range

Bonded interactions
Bonded interactions include the bond potential, angle potential, and dihedral potential. The

following standard expressions were used:

Epona = kbond(rij - req)z (10)
Eangle = kangle(g - Heq)z (11)
Eginedralr = kdihedra (1 + COS((p - (peq)) (12)

Here, Epona > Eangle» and Eginedral represent the bond, angle, and dihedral potentials,
respectively. Kpona»> Kangie» and Kginearqr represent the spring stiffness, while 7eg, Oeg, and ¢eq
denote the equilibrium bond length, angle, and dihedral terms, respectively. Here, the spring
stiffness and the equilibrium values for the potential protein terms were taken from data available
in the literature.'®!

The polymer chains were modelled as fully flexible strings of repulsive beads (of the same

size as the solvent beads), which are kept together by harmonic spring potentials. A value of kj 4

between 2 and 4 kf T

'~ and ., = 0 are typically utilized."">"> In this study, we used the same
c

kpona value of 4 for the polyelectolyte blocks. The neutral block of PEG was modelled by a linear
chain consisting of coarse-grained monomers. The beads of PEG polymers are sequentially
connected by a harmonic bond potential, with spring stiffness kponq = 2111.3 kgT /7?2 and

equilibrium distance 7, = 0.41257,."
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Figure S1. Time evolution of the aggregate formation and the final assembly morphology in the system consisting of
1gG1, A%, B3 and A5Bs,(l; = 80,1, = 0.60, ¢, = 0.05, ay = 40). The snapshots correspond to simulation times
(a) zero, (b) 3 x 10%, (¢) 6 x 10%, (d) 9 x 104, (e) 12x 10%, (f) 15x 10%, (g) 18x 10%, (h) 24x10%, (i) 3x10°, (j) 3.6x10°,
(k) 4.2x105, (1) 4.8x10%, (m) 5.4x103, (n) 6.0x10, (0) 9.0x10°, (p) 1.2x10%, (q) 1.38x10°, (r) 1.5x10°, (s) 1.8x10°, (t)
2.4x 10°, (u) 2.7x10°% and (v) 3x10°. Gray, cyan, blue and magenta beads represent A=, A*, PEG, and IgG,
respectively. Solvent and counterions are omitted in the visualizations for clarity.



Figure S2. Visualisation of enveloping of IgG1. Magenta, cyan, and gray beads indicate IgG, A~ and A*, respectively.
PEG beads are omitted in the visualizations for clarity.



Figure S3. Time evolution of the aggregate formation and the final assembly morphology in the system consisting of
A%oBsq and A5, B3, (1, = 80,7, = 0.60,¢,, = 0.05, a,, = 40). The snapshots correspond to simulation times (a)
zero, (b) 3 x 104, (¢) 6 x 104, (d) 9 x 104, (e) 12x 10%, (f) 15x 104, (g) 18x 10%, (h) 24x10%, (i) 3x105, (j) 3.6x10°, (k)
4.2x105, (I) 4.8x10°, (m) 5.4x10°, (n) 6.0x10%, (0) 9.0x10°, (p) 1.2x10°, (q) 1.38x10°, (r) 1.5x10°, (s) 1.8x10°, (t)
2.4x% 10, (u) 2.7x10, and (v) 3x10°. Gray, cyan, and blue beads represent A=, A*, and PEG, respectively. Solvent
and counterions are omitted in the visualizations for clarity.
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Figure S4. Time evolution of the aggregate formation and the final assembly morphology in the system consisting of
IgG1, AZB3o and A5y Bso(l; = 80,1, = 0.60, ¢, = 0.02, auy = 40). The snapshots correspond to simulation times
(a) zero, (b) 1.2x10% (¢) 1.8x10%, (d) 6.0x10%, (e) 9.0x10% (f) 9.6x10% (g) 1.08x105, (h) 1.8x105, (i) 6.0x10%, (j)
1.2x108, (k) 1.8x10%, (1) 2.4x10, (m) 2.7x10°, and (n) 3.3x10°. Gray, cyan, blue and magenta beads represent A~
A*, PEG, and IgG, respectively. Solvent and counterions are omitted in the visualizations for clarity.
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Figure SS. Time evolution of complex-core size (number of beads A in the core) for the systems with different r;,
(0.45,0.67,0.78,1.00, 1.28,1.67), (a) I, = 80, a4y, = 40, and ¢, = 0.05, and (b) I, = 80, asy, = 40, and ¢, = 0.04.
The results were averaged together across the three simulation runs, and the standard deviations in these amounts were
calculated accordingly. In the legend, the values are 73,.
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Figure S6. Radial distribution function between the IgG1 and the polyelectrolyte block (bead type A) for the systems
with different 1, (0.45, 0.60, 0.78, 1.00, 1.28, 1.67), and (a) [, = 80,a,y = 40 and ¢, = 0.05, and (b) [, =
80, asy = 40 and ¢, = 0.04. RDF data analysis is based on the last 20 frames of the simulations. In the legend, the
values are 17,.
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Figure S7. Radial distribution function between the IgG1 and the polyanion (and polycation) (bead type A) for the
systems with different 7, (0.45, 0.60,0.78,1.00, 1.28, and 1.67), and (a) I, = 80, a,y, = 40 and ¢, = 0.05. RDF data
analysis is based on the last 20 frames of the simulations. In the legend, the values are 7,.
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Figure S8. Radial distribution function between the IgG1 and the polyanion (and polycation) (bead type A) for the
systems with different ¢, (0.02, 0.03, 0.04, and 0.05), and (a) I; = 80, a4y = 40 and 1, = 0.60. RDF data analysis
is based on the last 20 frames of the simulations. In the legend, the values are ¢, .

12



Figure S9. Time evolution of the aggregate formation and the final assembly morphology in the system consisting of
1gG1, AZ5B,s and A5sB,s(l; = 80,1, = 0.45, ¢, = 0.05, asy = 35). The snapshots correspond to simulation times
(a) 6x10%, (b) 3x10%, (¢) 9x10%, (d) 1.5x10%, (e) 1.8x10%, (f) 2.4x105, (g) 3.0x10, (h) 3.6x10%, (i) 5.1x10°, (j) 5.7x10°,
(k) 7.8x10°, (1) 9.0x10°, (m) 9.3x10°, (n) 1.02x10°, and (0) 3.0 x10°. Gray, cyan, blue and magenta beads represent
A~, A*, PEG, and IgG, respectively Solvent and counterions are omitted in the visualizations for clarity.
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Figure S10. Average contact between IgG1 beads and water beads as a function of 7, and ayy, at a fixed polymer
concentration ¢, = 0.05 and a fixed chain length [, = 80.
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Figure S11. 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 (a) 1, = 0.60, (c) 7, = 1.00, and (e) 7, = 1.67. Radial
distribution function between the IgG1l and water for the systems with different a,y (25, 30, 35, 40), [, =
80, ¢, = 0.05, and (b) 1, = 0.60, (d) 7, = 1.00, and (f) 7, = 1.67. RDF data analysis is based on the last 20 frames

of the simulations. In the legend, the values are ayy,.
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Figure S14. Radial distribution function between the IgG1 and water beads for the systems with , a4y, = 40, @, =
0.05, as a function of [, and 13,. In the legend, the first values are [, and the second ones are 73,.
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Figure S15. Radial distribution function between the IgG1 and the polyelectrolyte (bead type A) beads for the systems
with a,y = 40, ¢, = 0.05, as a function of [, and 7;,. RDF data analysis is based on the last 20 frames of the
simulations. In the legend, the first value is /; and the second is 73,
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Figure S16. Radial distribution function between the IgG1 and the polyanion (and polycation) (bead type A) for the
systems with different [, (40, 60, and 80), and (a) r, = 0.60, a4y, = 40 and ¢, = 0.05. RDF data analysis is based
on the last 20 frames of the simulations. In the legend, the values are [;.
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