Nanoscale

e

Nanoscale
-

Polymer Stiffness Governs Template Mediated Self-
Assembly of Liposome-Like Nanoparticles: Simulation,
Theory and Experiment

Journal: | Nanoscale

Manuscript ID | NR-ART-08-2019-007063.R1

Article Type: | Paper

Date Submitted by the

Author 30-Sep-2019

Complete List of Authors: | Shen, Zhigiang; University of Connecticut, Mechanical Engineering
Loe, David ; University of Connecticut, Department of Chemistry
Fisher, Alessandro; University of Connecticut, Mechanical Engineering
Kroger, Martin; ETH Zurich, Polymer Physics

Rouge, Jessica; University of Connecticut, Department of Chemistry
Li, Ying; University of Connecticut System, Mechanical Engineering

SCHOLARONE™
Manuscripts




Page 1 of 35

Nanoscale

Polymer Stiffness Governs Template Mediated Self-Assembly of Liposome-Like
Nanoparticles: Simulation, Theory and Experiment

Zhigiang Shen *- ¢, David T. Loe * %, Alessandro Fisher?, Martin Kroger, Jessica L. Rouge™®,
and Ying Li* ¢4

@ Department of Mechanical Engineering, University of Connecticut, Storrs, CT 06269, USA
b Department of Chemistry, University of Connecticut, Storrs, CT 06269, USA
¢ Department of Materials, Polymer Physics, ETH Ziirich, CH-8093 Zurich, Switzerland

4 Polymer Program, Institute of Materials Science, University of Connecticut, Storrs, CT
06269, USA

* These authors contributed equally.
* Corresponding author: Ying Li, E-mail: yingli@engr.uconn.edu; Jessica L. Rouge, Email:
jessica.rouge@uconn.edu.

ABSTRACT:

This study suggests that the self-assembly of a template-mediated liposome (TML) can be
utilized as a general method to produce liposomes with controlled sizes. A polymer tethered
core is used here as a starting configuration of a TML. Lipids anchored on the free ends of the
tethered polymers direct the self-assembly of surrounding free lipid molecules to form
liposome-like nanoparticles. Characterizing the flexibility of polymers by their persistence
lengths, we performed large scale molecular simulations to investigate the self-assembly
process of TMLs with tethered polymers of different stiffness values. The stiffness of tethered
polymer is found to play a crucial role in the self-assembly process of TMLs. The flexible and
rigid-like polymers can accelerate and delay the self-assembly of TMLs, respectively. In
addition, the critical grafting of tethered polymers and required lipid concentration to from
perfectly encapsulated TMLs are found to increase with the flexibility of tethered polymers.
To scrutinize these simulation-based findings, we synthesized DNA-polyethylene glycol
(PEG) TMLs and performed corresponding experiments. To this end we incorporate
increasing concentrations of DNA as a proxy for increasing the rigidity of the tethered
polymers. We find that the resulting structures are indeed consistent with the simulated ones.
Finally, a theory is developed that allows to estimate the required free lipid number (or lipid
concentration) and grafting density analytically for polymers of given persistence length.
Through these combined computational, experimental, and theoretical studies, we present a
predictive model for determining the effect of polymer stiffness on the self-assembly of TMLs,
which can be used as a general approach for obtaining perfectly encapsulated TMLs as
potential drug delivery vehicles.

Keywords: polymer stiffness, self-assembly, liposome-like nanoparticle, drug delivery,
molecular simulation
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1. INTRODUCTION

Nanoparticle (NP) mediated drug delivery has attracted great attention due to its promising
capability to protect loaded drug molecules and deliver them to diseased cells !-6. During the
delivery process, NPs need to traverse cellular compartments that present physical barriers to
successful drug delivery. For example, proteins in the blood quickly adsorb onto NP surfaces
forming often unwanted protein corona effects 7. These adsorbed proteins can trigger
macrophage cells to clear the NPs before they can reach their intended target ®°. Therefore, it
is crucial that the properties of NPs, such as size, shape, stiffness and surface
functionalization, are carefully designed in a predictable manner so that the trajectories of
NPs can be better controlled during the cellular delivery and uptake process %-!2. Although
hundreds of different NP formulations have been proposed and synthesized in laboratories,
few of them have been transferred successfully to clinical trials due to difficulties in
administration that result in a lack of targeted delivery or toxicity in vivo '3!4. Among the
various NP candidates designed, liposomes and liposome-like NPs stand out due to their
phospholipid composition which can favorably integrate with existing cellular lipid bilayers
15-17 The phospholipid surface of a liposome resembles the lipid membrane of the cell, often
using a lipid composition that contains the same phospholipids that the cell produces,
reducing toxicity and immunogenicity as compared to other nanoparticle formulations 820,
For instance, by loading doxorubicin into a polyethylene glycol protected liposome, Doxil®

became the first U.S. Food and Drug Administration (FDA) approved drug delivery platform

21

Despite the promising applications of liposomes in drug delivery, it is still challenging to
synthesize liposomes with controlled size, geometry and surface chemistry. For instance, to
produce liposomes with uniform size distribution, external forces such as sonication and

extrusion are necessary for obtaining monodisperse liposomes 2224, However, limitations in

2
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experimental set-up, including the duration of the treatment and the position of the ultrasound
source and power input, can lead to difficulty in size control during sonication 2*. In addition,
liposomes modified through extrusion are limited to the order of several hundred nanometers
and to certain lipid compositions 23-?7. Moreover, different lipid compositions can
significantly affect the size of a self-assembled liposome. Even when the expected size
contribution of a particular lipid used for synthesizing a liposome is known, experimental
conditions for synthesizing a specific liposome size and shape remain to be empirically
determined ?%2°. This current challenge for experimentalists, to control the liposome size
distribution with nanometer precision, is a highly desirable aspect that can contribute greatly
to successful drug delivery. It has been shown that the size of various nanomaterials can
influence important delivery features such as NP penetration in the extracellular collagen
matrix 3%3! and the extent of cellular uptake of NPs during the endocytosis process 3234,
Therefore, predictable size and reproducible synthesis of liposomes would aid tremendously
in the broader application of liposomes for drug delivery and accelerate their clinical

applications.

To address these challenges, researchers have begun to explore template-mediated self-
assembly of liposomes. For instance, Lin and co-workers utilized a DNA ring as a template
for synthesizing highly monodispersed sub-100-nm liposomes with different lipid
compositions 3. The liposome self-assembly process was nucleated and confined inside these
rigid DNA nanotemplates with pre-defined sizes. In our recent work, we proposed to use a
polymer-tethered inorganic core as a template to guide the self-assembly of liposome-like
NPs by taking advantage of highly monodispersed inorganic NPs 3¢. As shown in Figure 1,
our system consists of polymers tethered to an inorganic NP core. These polymers were
functionalized with a phospholipid moiety, anchoring individual lipids to the NP core. These

anchored lipids act as an initiator, seeding the assembly of free lipids and forming a lipid
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bilayer at the surface. We refer to these templated NPs as Core-Polyethylene Glycol-Lipid-
Shell Nanoparticles (CPLS NPs), as we use hydrophilic and biocompatible polyethylene
glycol (PEG) as the tethered polymer for displaying anchored lipids on the NP surface. Using
this new construct, we successfully encapsulated a hydrophilic dye within the PEG layer that
is present in the immobilized layer of the CPLS bilayer as a way to indirectly show the
presence of a successfully formed lipid bilayer at the nanoparticle’s surface. We have
predicted that this template-mediated, self-assembled liposome would have inherent
advantages over a traditional liposome 36-38. Specifically, we have shown that we could tune
the PEG polymerization degree and core size of the CPLS NP to control its size with high
accuracy. We have also demonstrated that our CPLS NPs would have a higher overall
stability than a standard liposome when subjected to shear flow 37. Additionally, the inorganic
core can be made of gold, or superparamagnetic iron oxide, to be visible via magnetic
resonance imaging for computer tomography for diagnosis purposes, making CPLS NPs a

promising multi-functional drug delivery platform.

Using our newly developed CPLS NP system, we have set out to investigate the effects of
incorporating different tethered polymers on the template mediated liposome (TML) process
inherent to the CPLS NP design. In particular, we have chosen to incorporate tethered DNA
molecules, inspired by the spherical nucleic acid (SNA) design 34!, SNAs have achieved
great success in applications such as gene regulation due to their unique surface properties,
including limited toxicity 42, high binding efficiency, enhanced nuclease resistance 43, and
minimal immune response **. However, further development of SNAs is needed to improve
their blood circulation time and bypass their degradation in late endosomes %47
Encapsulating an SNA in a lipid bilayer may reduce the protein absorption and increase its
blood circulation time. Additionally, the lipid membrane surface may enable fusion between

NPs and cell membranes allowing direct delivery of oligonucleotides into the cytosol .

4
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Compared with the flexible nature of PEG polymers, DNA ligands are quite rigid. In
simulations they are treated as a rigid rods at the SNA surface *>*°, due to their large
persistence length of about 40 nm °!. Therefore, to understand how the DNA might behave
when used as an anchoring unit in the CPLS NP, we chose to investigate what effect adding
increasing concentrations of DNA to the current CPLS NP platform would have on the self-
assembly process. In this way, we could study the influence of tethered polymer
semiflexibility on self-assembly of TMLs, while also providing a strategy for incorporating
biodegradable tethers that can dually serve as therapeutic agents within the CPLS NP platform

such as antisense oligonucleotides (ASOs) ©.

To test whether the self-assembly of TMLs can serve as a general method to produce
liposome-like NPs with different tethered polymers of well controlled size, we systematically
investigated the role that polymer stiffness plays in the self-assembly of a TML. A general set
of design principles for generating “perfect” TMLs both in respect to polymer stiffness and
grafting density are provided through large scale molecular simulations. Furthermore, the
incorporation of DNA molecules as a tethered polymer for our new liposome design is
explored to help us understand the self-assembly process and the role of the anchoring
polymers stiffness as it is related to the extent of liposome bilayer formation. For this purpose,
we have experimentally synthesized CPLS NPs consisting of PEG polymers mixed with
varying ratios of poly thymidine (polyT) DNA:PEG to mimic the conditions of different
persistence lengths within the tethered polymer layer of CPLS NPs. These particles were
dually studied via electron microscopy and dynamic light scattering in parallel with

dissipative particle dynamic simulations.

The structure of this paper is summarized as follows: First, by investigating the self-assembly
process of TMLs through our simulation studies, we found that the stiffness of the tethered

polymer greatly influences the self-assembly kinetics of the outer lipid layer (Section 2.1).
5
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Next, we systematically investigated the effect of free lipid number and grafting density on
the self-assembly process of TMLs constructed with tethered polymers of four different
persistent lengths, and a phase diagram was obtained for each case (Section 2.2). To verify the
relevance of these predictions, we synthesized DNA-PEG CPLS NPs in which we
incorporated increasing concentrations of DNA as a proxy for increasing the rigidity of the
tethered polymer layer of the CPLS NPs. Using dynamic light scattering (DLS) and
transmission electron microscopy (TEM) we analyzed the self-assembly process of free lipids
on DNA-PEG CPLS NPs upon varying DNA to PEG ratios. We show that the resulting
structures present degrees of encapsulation by free lipids that are consistent with the simulated
studies, particularly the phase diagrams. Additional details on physical properties available
from simulation, such as size and density distributions are examined in Section 2.3.
Subsequently, a theory is provided for predicting the size of the TMLs and corresponding
optimal conditions for synthesis, indicating ideal grafting densities for the tethered polymer
layer and optimal free lipid numbers (Section 2.4). Conclusions are provided in Section 3,

followed by details on computational (Section 4.1) and experimental (Section 4.2) methods.

2. RESULTS AND DISCUSSION

2.1. Dynamic process for self-assembly of TMLs

We start our work by investigating the influence of polymer stiffness on the self-assembly
process of TMLs in simulations. As given in Figure 1, four different polymers with

normalized persistence lengths, E =0.17,0.21, 1.21, and 2.21, were assessed, where E =L/

P
Lo is defined as the ratio between the persistence length [, and polymer counter length L.
When E =0.17, the polymer [, is only 17 percent of its counter length Lo, which indicates a
flexible polymer. While for E = 2.21, the polymer [, is more than twice of its counter length

Lo, suggesting an almost rigid rod-like polymer. The radius of the inorganic core in all

simulations is fixed as 5 nm. All polymer chains tethered on the inorganic core have the same
6
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polymerization degree of N=30. To accelerate the self-assembly process, the simulation
temperature is controlled at 7=2.0 (reduced LJ unit). At the beginning of the self-assembly
process, the fully relaxed polymer tethered cores are placed in the center of simulation box of
60 x 60 x 60 nm?>, with randomly distributed free lipids. For implementation details see
Section 4.1.

Polymer stiffness determines the self-assembly process of TMLs. The snapshots in Figure
2 (A) and (B) show the evolution of configurations during the self-assembly process of TMLs
with polymer grafting density o4 = 0.35/ nm?. Their normalized polymer persistence lengths
are E = 0.17 (flexible polymer) andg = 2.21 (rigid rod-like polymer). The free lipid
numbers (Nf) for these two cases are kept the same with Ny =3500. As given in Figure 2
(A) for Ez 0.17, at the beginning of simulation (timet = 0), the anchored lipids on
terminals of tethered polymers aggregate into several small micelles on the surface of
inorganic core. These small micelles act as active sites to recruit the surrounding free lipids
due to the strong hydrophobicity of lipid tails in aqueous solution. At t = 6 us, a portion of
free lipids are absorbed onto the polymer tethered core due to the anchored lipids. Another
portion of free lipids quickly assemble into small micelles due to their amphiphilic nature.
Those free micelles continue to fuse with each other, forming free vesicles evolving into a
bilayer structure at t = 224 ps. More importantly, a portion of free micelles can fuse with the
anchored lipid micelles, resulting in vesicles anchored to the inorganic core, which are
relatively isolated. The simulation shows that under thermal fluctuations, the free vesicles
perform random walks and adsorb by the polymer-tethered core once they fuse with the
anchored vesicles. These localized events increase the surface area of the anchored vesicles
until they are no longer isolated and are able to make contact and fuse with each other to form
a curved bilayer patch that partially covers the core surface (t = 280 ps). With the continued

adsorption of free vesicles and lipids, the anchored vesicles and bilayer patch increase their
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overall size and finally fuse with each other to form a perfect bilayer shell that covers the
entire polymer tethered core (t = 672 ps). At the end of the simulation, with the direction of
anchored lipids, the self-assembly of free lipids results in a perfectly encapsulated TML.
Compared with the flexible tethered polymers (E = 0.17), the self-assembled process of TML
with rigid rod-like polymers (E = 2.21) exhibits completely different behaviors, as given in
Figure 2 (B). Att=0, the lipids displayed at the terminals of tethered polymers also
aggregate into separate anchored micelles. At the same time, the polymers form several
distinct bundles. Compared to the flexible case in Figure 2 (A), the tethered polymers
become straight due to their enhanced stiffness. These rigid polymer bundles also result in a
increased distance between the anchored micelles and the inorganic core surface. Over the
course of the simulation, the free lipids in the simulation box get absorbed onto the anchored
micelles, resulting in the formation of anchored bilayer patch or vesicle (t = 112, 280 ps).
However, different from those formed from E = 0.17, these anchored lipid structures are far
away from each other due to the reduced polymer flexibility. Therefore, they never have the
chance to contact and fuse together. Instead, these anchored vesicles and bilayer patches
remain isolated, which eventually results in a partially encapsulated TML (¢t = 260 ps). It is
important to note that increasing the free lipid number does not qualitatively change the
outcome (see Figure S1 for the case with Ny = 8500 in Supporting Information). From these
results, we can conclude that the stiffness of tethered polymers influences the self-assembly
process and state of TMLs.

High grafting density benefits perfectly encapsulated TMLs. The aforementioned two
cases demonstrate that it is more difficult to form a perfectly encapsulated TMLs from
tethered polymers with higher stiffness. With this in mind, the next question we sought to
answer is how to make a perfectly encapsulated lipid bilayer around an inorganic core when

the stiffness of tethered polymers is high. To answer this question, we first investigated the
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self-assembly process of rigid rod-like polymers tethered on NPs with high grafting density
through simulations, followed by a series of complementary experiments. As shown in Figure
2 (C), while the normalized persistence length of tethered polymers is still E =2.21. We
increased the grafting density to o, = 0.8/ nm?. The free lipid number in the simulation box is
Ny =38500. As we can see in Figure 2 (C), at t =0, the anchored lipids also aggregate to
form separated micelles at the terminals of tethered polymers. Compared with the low
grafting density scenario in Figure 2 (B), the number of anchored micelles has increased. At
t = 23 ps, the anchored micelles transform into small bilayer patches as the adsorption of
surrounding free lipids occurs. These anchored bilayer patches are able to fuse with each other
as they are relatively close to each other, resulting in several curved bilayer patches on the
terminals of tethered polymers (t = 56 us). With the further adsorption of free lipids, these
curved bilayer patches connect with each other through fusion, forming two large curved
patches (t = 112 ps). At the end of the simulation, all free lipids are adsorbed onto the surface
of the polymer tethered core, resulting in a perfectly encapsulated TML at t = 764 ps.
Therefore, it can be concluded that increasing the grafting density of tethered polymers

benefits the formation of perfectly encapsulated TMLs.

2.2. Phase diagram for self-assembly of TMLs

Both the polymer stiffness and grafting density can greatly affect the self-assembly of TMLs.
To quantitatively capture the effects of these parameters, we systematically investigated the
self-assembly process of TMLs with four normalized persistence lengths of E =

0.17,0.21, 1.21, 2.21 characterizing the tethered polymers. Additionally, different grafting
densities, ranging from o, = 0.05 /nm? to 0g= 0.8/nm?, were investigated for all four
persistence lengths. This resulted in a phase diagram describing the self-assembly states of
TMLs as a function of grafting density o4, and free lipid number N at each persistence length.

For each point in the phase diagram, two different processes are studied: (1) a polymer
9
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tethered core experiencing a self-assembly process at a specific free lipid number at the
temperature of T = 2.0; (2) to obtain the self-assembled state at standard temperature (i.e.
room temperature), the entire system is annealed to the temperature of T = 1.0 within a
period of 112 ps after all the free lipids are absorbed on the surface of the polymer tethered
inorganic core.

Three different states are discovered for self-assembly of TMLs. As given in Figure 3,
three qualitatively different self-assembled states can be found in each phase diagram. (1)
When the grafting density is below a critical value or the free lipid number is smaller than a
critical value, a partially encapsulated state is assembled at the end of the self-assembly
process. The partially encapsulated state is mainly due to two reasons: (I) if the grafting
density is insufficiently large, anchored vesicles on the terminals of tethered polymers are
unable to fuse with each other, resulting in isolated anchored vesicles; (II) if the grafting
density is suitable, but the free lipid number still too small, the fused bilayer patches are not
large enough to cover the entire surface of the inorganic core. (2) When the grafting density is
suitable, but the free lipid number is too large, the anchored lipids form a spherical bilayer
with a bud connecting on the surface. This leads to an over-encapsulated state. (3) A perfectly
encapsulated state is obtained when both the grafting density and free lipid number fall into a
suitable region. By comparing these four phase diagrams, it becomes clear that when
synthesizing a perfectly encapsulated TML, the critical grafting density and upper and lower
boundaries of free lipid numbers are determined by the degree of polymer semiflexibility.
Critical grafting density of tethered polymers. It is shown in Figure 3 that the critical

grafting density o increases with increasing polymer stiffness. As given in Figure 3 (A), at
a persistence length of E =0.17, the oq4is located within (0.05— 0.2)/nm? As the
persistence length increases to E = 0.21, its g also grows to the range of (0.2 — 0.35)/

nm?. For larger persistence lengths of E =121 andE = 2.21, the oy 1s within (0.35 —

10

Page 10 of 35



Page 11 of 35

Nanoscale

0.5)/nm?. As aforementioned, during the self-assembly process of TMLs, the grafting
density is directly proportional to the number of anchored lipids, which form the anchored
micelles and direct the whole self-assembly process. This indicates that the grafting density
directly determines the probability that the anchored vesicles will fuse with each other and
form the anchored curved bilayer patch. Detailed analysis about the relationship between the
critical grafting density and polymer stiffness will be discussed in the following section.

Free lipid number boundary. When the grafting density of tethered polymers is larger than
the critical grafting density o, the perfectly encapsulated TMLs can only be formed in a
limited range of free lipid numbers, defined by the upper and lower free lipid number
boundaries. For the normalized persistence lengths of E =0.17 and 0.21, similar free lipid
number boundaries are observed due to their similar persistence lengths. The lower free lipid
boundary for different grafting densities falls within 3000-4500. The upper free lipid
boundary is located within 4500-6500. Compared to the boundaries of high flexibility
polymers, both the lower and upper free lipid boundaries for a persistence length of E =1.21
increase dramatically. AtE = 1.21, the lower boundary is around 5500-7000. Additionally,
its upper free lipid boundary is located within 8500-9500. When the persistence length of
tethered polymer is further increased to E = 2.21, their free lipid number boundaries shift to
larger values again. More importantly, compared to the flexible polymers of E = 0.17 and E
= 0.21, the free lipid number boundaries for perfectly encapsulated TMLs become wider for
l,=121and [, =221.

Experimental validation. In order to see how effectively our simulations reflect the solution-
based self-assembly of a TML with a variable grafting density and persistence length, we
synthesized four CPLS NPs consisting of two different polymer components, cf. Methods
section 4.2. The first polymer is a thiolated heterobifunctional PEG functionalized with a
phospholipid, 1,2-distearyl-sn-glycero-3-phosphoethanolamine, (SH-PEG-DSPE) and the

11
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second is a short DNA oligomer, poly thymidine (polyT) used as a backfill. These polymers
were mixed in solution prior to adsorption onto the inorganic nanoparticle surface, in this case
a 30 nm gold nanoparticle (Au NP), to achieve polymer tethered cores which presented 100%,
75%, 50%, and 0% PEG as seen in Figure 4. This method is a slightly modified approach to
the synthesis of CPLS NPs that we previously developed (Figure S2) [35]. PolyT is a rigid
molecule approximately 7 nm in length. We chose a thymidine homo polymer of DNA as it is
least likely to have hydrogen bonding with itself and is known to pack well on Au NP
surfaces 2. Through the incorporation of the rigid thiolated polyT DNA at the surface of the
CPLS NP in increasing concentrations relative to the SH-PEG-DSPE, we sought to limit the
conformational flexibility and the grafting density of the tethered PEG-DSPE to determine the
effects this rigid backfill would have on the extent of templated encapsulation possible on the
polymer tethered core. As can be seen in Figure 4, with increasing amounts of polyT
incorporated at the NP core’s surface, the ability of the free lipid to fully encapsulate the core
is diminished. The distribution of various states of lipid encapsulation, defined as perfectly
encapsulated, budding (over encapsulation), anchored vesicles, and no encapsulation was
observed and tallied as a function of total number of particles analyzed (200 CPLS particles
per sample) to determine relative encapsulation distributions of each state (see Supporting
Information Section 3 for counting protocol). Additional TEM micrographs used for statistical
analysis of the various encapsulation states can be found in Figure S3-S6. The overall size of
each particle containing increasing concentrations of PEG tether were analyzed using
dynamic light scattering (Figures S7-S8), indicating similarly sized particles with a large size
distribution, likely due to the remaining flexibility of the PEG tether despite increased
concentration of DNA ligand as a backfill.

The trends shown in Figure 4A-D reflect that the relative distribution of encapsulation states
that are predicted by the phase diagrams (Figure 3) and is consistent with the grafting

densities of PEG tethered on the NP surfaces and the amount of free lipid added to the system.
12
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These results show the predictive power of the simulation and provide a guide for how to
obtain specific states of encapsulation when the stiffness of the underlying anchored polymer-

lipid can be controlled.

2.3. Physical properties of TMLs

As discussed above, at all four different polymer persistence lengths, a perfectly encapsulated
TML can always be made through self-assembly when situated in a suitable region as outlined
within the phase diagrams (Figure 3). Herein, we will calibrate the physical properties of
perfect encapsulated TMLs by calculating their radius, density distribution and the amount of
stored water embedded within the templated lipid bilayer.

Size distribution. As given in Figure 5 (A), the radii of perfectly encapsulated TMLs under
different persistence lengths is shown as a function of the polymer grafting density. The
radius is obtained by averaging the radii of perfectly encapsulated TMLs at a particular
grafting density. There are two important things we can learn from Figure 5 (A). First, with
the same polymer persistence length, the radius of perfectly encapsulated TMLs slightly
increases as the grafting density increases. For instance, at E =0.17 , the radius of TMLs
increases from R =9 nm at o, = 0.2/nm? to R =11 nm at o, = 0.8/nm?. Similarly, at E
= 1.21, the radius of TMLs increases from R = 13.5 nm at g, = 0.5/nm? to R = 15 nm at
g,=0.38/ nm?. However, this variation in size at each persistence length is no larger than 23
%, which indicates that the size of perfectly encapsulated TMLs can be well controlled by the
nature of the tethered polymers. Second, the size of a perfectly encapsulated TML increases
as the persistence length of tethered polymers increases. The averaged radii of the perfectly
encapsulated TMLs are R = 10, 11, 14, 16 nm, respectively for persistence lengths of E =
0.17,0.21, 1.21, 2.21.

Density distributions. After inspecting their size, we further investigated the structure of

perfectly encapsulated TMLs by calculating the radial density distribution of each component.
13
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In addition to the inorganic core, there are three different components within TMLs, including
the tethered polymers, lipids and encapsulated water molecules. The density distribution in
Figure 5 (B) is obtained from the perfectly encapsulated TML with a persistence length of E
= 0.21. The corrsponding grafting density and free lipid number is o, = 0.8/nm? and N f
= 5500. The density distribution for the other perfectly encapsulated TMLs is very similar.
As we can see from Figure 5 (B), the density of tethered polymers decreases dramatically
from the surface of the inorganic core from a distance of D = 5 nm to the radius of the entire
TML at around 12 nm. At D = 12 nm, a lipid density peak appears, due to the lipid coverage
on the surface. Since water is repelled from the lipid-containing region, its density can be
divided into two separate regions. When D > 12 nm, the water density increases quickly from
0 to 3/nm?. This population of water molecules outside the TML is due to the hydrophobicity
of the lipid bilayer core. When D < 12 nm, the water density starts increasing from D =5 nm
at the core surface and then drops quickly near the lipid bilayer shell. This portion of water
molecules is encapsulated by the lipid bilayer and stored within the TMLs.

Stored water. The portion of stored water molecules inside TMLs represents the free space
of the NP that can be used to load other hydrophilic molecules, including small drug
molecules. To further explore the TMLs capacity for storing water, we calculated the amount
of stored water for each polymer persistence length as a function of the grafting density. As
given in Figure S (C), for all the perfectly encapsulated TMLs, the number of stored water
beads is on the order of 10*. More importantly, consistent with the increment of the TML
radius, the stored number of water molecules increases dramatically from 1 x 10* at E

=0.17 to 3.4 x 10* at E = 2.11. A water bead in the DPD simulation is generally used to

represent three water molecules 53. Taking the volume of a water molecule as 3 x 10 =2 nm?3,
we can estimate that the free space of the TMLs ranges from 300 to 3000 nm?3, depending on

the flexibility of tethered polymers.

14
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2.4. Theoretical estimations on free lipid number and critical grafting density for
perfectly encapsulated TMLs

As noted, a perfectly encapsulated TML can only form when a suitable amount of free lipids
is present, and when the grafting density is optimal. In quantitative terms, the corresponding
numbers are given by the free lipid number boundary and critical grafting density. In this part,
we will explore the physical mechanism that determines the suitable range of these parameters
within the phase diagrams of Figure 3.

Estimation of free lipid number. To estimate the suitable free lipid number, we will explore
the parameters that determine the radius of a perfectly encapsulated TML. The free lipid
number needed by a perfectly encapsulated TML should be determined by its radius R, whose

relationship should be given as:

4mR?

5 (1)

N?eed ~ 2
where a, is the area per lipid molecule. The next task is to determine the radius R of a
perfectly encapsulated TML before the self-assembly process. At the perfectly encapsulated
state, all the anchored lipids are inserted into the lipid bilayer shell. Therefore, the tethered
polymers are confined within a region formed by the inorganic core and the lipid bilayer shell.
If the radius of the lipid bilayer shell is too small, the tethered polymers will produce a large
osmotic pressure that might cause the rupture of the lipid bilayer shell. On the other hand, if
the radius of the lipid bilayer shell is too large, the tethered polymers will experience an
extensive force. This would result in the anchored lipid being pulled out of the lipid bilayer.
From this perspective, the radius of the lipid bilayer shell should be in a suitable region to
prevent the large osmotic pressure and extensive force from tethered polymers.
To confirm our analysis and determine the relationship between the encapsulated TML radius
and free energy state of the tethered polymers, we performed a test for tethered polymers as
given in Figure 6 (A) and (B). The free ends of the tethered polymers are confined within a

spherical indenter surface. The terminal of each polymer can freely translate on the indenter
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surface. The indenter surface produces a repulsive force acting on the monomers if these
individual monomers reside outside the indenter surface. On the other hand, if the terminal
monomer of a polymer chain is located inside of the indenter surface, the indent will produce
an outward repulsive force. This way, the indenter surface can mimic the lipid bilayer shell
and is able to measure both the osmotic pressure and extensive force. During this process, we
systematically changed the radius of the indenter to investigate the variation of the tethered
polymer energy against the possible radius of a perfectly encapsulated TML.

As given in Figure 6 (C) at the persistence length of E =0.17, the free energy of the
tethered polymers is large for both the small and large indenter radii. At the smaller radius,
the tethered polymers produce a large osmotic pressure. At the larger radius, the large free
energy is caused by extension of tethered polymers. A low energy state appears in the radius
range from 10 to 13 nm. This low energy region correlates extremely well with the perfectly
encapsulated TML radii (9-11 nm) we obtained through self-assembly simulations. Similar
low energy ranges are found for the tethered polymers with other persistence lengths. More
importantly, if we take the optimal indenter radius as the region that is no larger than SkgT of
its minimum value (marked by light shaded regions), the optimal radii are 10-13 nm, 11-13
nm, 14-16 nm and 15-16.4 nm, respectively for the normalized persistence lengths E =
0.17,0.21, 1.21, and 2.2. This low energy state range at each persistence length is consistent
with the radius of perfectly encapsulated TMLs. Therefore, we can conclude that the radii of
perfectly encapsulated TMLs are mainly determined by the free energy of the tethered
polymers. The self-assembly process finally results in a perfectly encapsulated TML at the
most favorable energy state for the tethered polymers.

More importantly, if we take the area per lipid a, as 0.7 nm? as given in the Figure S9 of the
Supporting Information, the suitable free lipid number for each persistence length is around

(3.6-6.1) x 103, (4.3-6.1) x 103, (7.0 =9.2) x 103 and (8.1-9.7) x 103, based on the
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relationship in Equation 1. All of these estimated values are located within the perfectly
encapsulated region as given in the phase diagram (Figure 3). Therefore, as long as the
persistence length of tethered polymers is given, we are able to estimate its perfectly
encapsulated size in simulation and evaluate the required number of free lipids using Equation
1.

Estimation of critical grafting density. The next question is how to determine the critical
grafting density for a perfectly encapsulated TML. Based on the phase diagrams in Figure 3,
the critical grafting density increases as the tethered polymers become stiffer. As we
discussed above, the key driving force during the self-assembly process is that the anchored
lipids attract surrounding free lipids, which contributes to the fusion between anchored
vesicles/bilayer patches. Based on what we have learned from the planar tethered lipid bilayer
membrane, we know that the density of anchored lipids should be larger than a critical value,
opc >**°. For our TMLs, the radius of the polymer tethered core increases with increasing
polymer stiffness. This increment of size reduces the effective density of anchored lipids.

Taking the spherical geometry into account, the critical grafting density o of the perfectly

encapsulated TMLs should obey the following relationship as 3:

e~ e @)
where Ryp and Rcore are the radii of a perfectly encapsulated TML and the inorganic core,
respectively. To confirm our analysis, we further investigated the self-assembly process of a
planar substrate with tethered polymers of different stiffness. To form a perfect planar
tethered bilayer on the terminals of tethered polymers, the free lipid number can be estimated
through the lipid area and the size of substrate as given in Figure 6 (D). Here, the substrate
size is (50 x 50) nm?. The free lipid number is 7000. As shown in Figure 6 (D), the self-

assembly process of the planar substrate is quite similar to that of the aforementioned TMLs.

The formation of the planar tethered lipid bilayer is mainly determined by fusion between
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anchored vesicles and bilayer patches. By systematically changing the grafting density of

tethered polymers, we find that the critical grafting density of polymers with persistence

lengths of E =0.21, 1.21, 2.21 is insensitive to stiffness, with a value about 7, = 0.06/ nm?.

The oy for E =0.17 is slightly smaller with a value around 0.04 /nm? (refer to the
Supporting Information for more details, Figure S11-S14). If one takes the o, of planar
tethered lipid bilayer as 0.06 /nmZ?and inserts it into Equation 2, one obtains the relationship
between the critical grafting density o of a perfectly encapsulated TML and the ratio Ryp/
Rcore, as given in Figure 6 (E). Interestingly, we find that the data points obtained from the

phase diagram and the TML radii are consistent with the curve resulting from Equation 2. The

critical grafting density o of tethered polymers can therefore be directly estimated by

Equation 2.

Table 1. Comparison of boundary values for perfectly encapsulated TMLs between

simulation and theory.

,=017  [,=021 [,=121 L,=221

Boundary values from simulation results

Lower free hpld number ( X 103) 3.0-4.5 3.0-4.5 5.5-7.0 6.5-7.5
Upper free hpld number ( X 103) 4.5-6.5 5.0-7.0 8.5-9.5 9.5-10.5
Grafting density (1/nm?) 0.05-0.20 0.20-0.35 0.35-0.50 0.35-0.50

Boundary values from theoretical predictions

Lower free lipid number ( X 10%) 3.6 43 7.0 8.1
Upper free lipid number ( X 103) 6.1 6.1 9.2 9.7
Grafting density (1/nm?) 0.20 0.24 0.43 0.58

To summarize this analysis as it relates to the free energy state of tethered polymers, the

radius of the perfectly encapsulated TMLs increases as the polymer stiffness increases. The
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radius of the perfectly encapsulated TML at a given polymer persistence length can be
evaluated through an indenter test in simulations, which is a time-saving alternative to the
self-assembly simulations. As soon as the radius of a perfectly encapsulated TML is
determined, its optimal free lipid number and critical grafting density can both be estimated
from Equations 1 and 2. Based on Equation 2, it is also interesting to note that the increment
of the inorganic core radius will reduce the critical grafting density, as observed in the self-
assembly of TML (with R=5 nm) and planar tethered bilayer (with R= 0o). Here, we also need
to mention that the direct relation between the polymer stiffness and brush height of the
tethered polymer at most favorable energy state requires additional systematically works,
which will be explored in our further study. As listed in Table 1, the theoretical predictions
agree well with the simulation results regarding the lower and upper free lipid boundaries and
grafting density boundary. In summary, we here provided and tested an efficient way to
predict the free lipid number and critical grafting density for synthesizing TMLs using

tethered polymers with variable degree of semiflexibility.

3. CONCLUSION

In this work, we proposed that the self-assembly of TMLs can be utilized as a general
approach to produce liposomes with controlled sizes using tethered polymers of varying
stiffness. To confirm this, large scale molecular simulations were performed and used to
investigate the self-assembly process of TMLs in the presence of four types of tethered
polymers that differ in their persistence lengths. For each type, a phase diagram was
established that describes the self-assembled structures as a function of free lipid number and
polymer grafting density. Three different states, including partially encapsulated, perfectly
encapsulated, and over encapsulated TMLs are featured in each of the phase diagrams. It is
found that the perfectly encapsulated TMLs can only be created under conditions of optimal

polymer grafting density and suitable free lipid number, which in turn depend on the degree
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of semiflexibility. To support our simulation findings, experimental validations were
undertaken. In these experiments, we synthesized DNA-PEG CPLS NPs upon incorporating
increasing concentrations of DNA as a proxy for increasing the rigidity of the tethered
polymer layer. Using transmission electron microscopy analysis we confirmed that the
resulting structures exhibit degrees of encapsulation by free lipids that are consistent with the
corresponding simulations. Further analysis of the properties of the perfectly encapsulated
TML case showed that the radius of a TML is well controlled by the flexibility of tethered
polymers. To provide a better understanding and a general guidance for synthesizing a
perfectly encapsulated TML, a numerical indenter test was proposed that allows to estimate
the radius of a TML. We found that the radius of a perfectly encapsulated TML is determined
by the lowest free energy state of the tethered polymers. More importantly, analytical
expressions are provided to directly estimate the required free lipid number and critical
grafting density for given persistence length and polymerization degree of the tethered
polymer. Through these combined computational, experimental and theoretical studies, we
ended up with a seemingly powerful predictive model for determining the effect of polymer
stiffness on the self-assembly of TMLs. In addition, the polymerization degree of tethered
polymers can be further tuned to control the sizes and loading capacities of these TMLs. It
may potentially be used as a general approach to obtain perfectly encapsulated TMLs as

potential drug delivery vehicles.

4. METHODS

4.1. Computational model and method

Dissipative particle dynamics (DPD) method. The DPD method is a coarse-grained molecular
simulation method which can correctly and accurately capture hydrodynamic behavior ¥, The
basic interacting sites in DPD simulations are soft beads. Between each pair of DPD beads,

effective two-body interactions consist of three major forces: a conservative force FC, a random
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force FR, and a dissipative force FP. Specifically, the conservative force between beads i and  is

F l-Cj= a;jo(rij)e;;, where ;; denotes the spatial distance between beads i and /, and e;; the unit vector
pointing from bead i to bead j; a;represents the maximum repulsive force strength acting between
beads i and j. The weighting factor w(r;;) is a normalized distribution function as w(ry) = 1 —1y;/
1o for ry; < 1o, while w(ry;) = 0 for r;; > . Here g is the cutoff distance for pairwise interactions.
The random force F § = \2vksT /At oo(r,; j)ae;;, where a represents a normal distributed Gaussian
random number with zero mean and unit variance. Atis the time step used in the molecular
simulations, kg and T denote the Boltzmann constant and temperature, respectively, and y is a bead
friction coefficient. The dissipative force is F B- =— ya)z(ri]-) (e * vyj)e;;, where v;; represents the
relative velocity vector between beads i and ;.

Lipid molecule model. A linear chain model is taken for each lipid molecule for simplicity and its
efficiency. A lipid molecule in our simulation contains one hydrophilic head (H) bead and three
hydrophobic tail (T') heads denoted as HT'3. The amphiphilic properties of the lipids are ensured by
a large repulsion between the lipid tail and water molecule, using a;,, = 100 kgT /ro. The subscript
letters ‘t” and ‘w’ denote the lipid tail and water bead, respectively. The lipid heads are hydrophilic
and thus ay,, = 25 kgT /1o, where the subscript ‘h’ represents the lipid head beads. The remaining
pairwise interaction parameters between the same types of beads are a,, = ann, = ann = 25kgT /70.
Apart from the pairwise interactions, bond and angle potentials are applied to the lipid molecules to
correctly reproduce their conformations. The neighboring beads in a lipid molecule are connected
by a harmonic spring potential:Uy; = K sl(rij —141)%, where K and rgare the spring coefticient
and equilibrium bond length, respectively. Here K = 50 kgT/ré. and 51 = 0.7 . A bond angle
potential is applied to the lipid tail to ensure its rigidity and to prevent the incorrect interaction in
the middle plane of the self-assembled bilayer. The form of the bond angle potential is given by

Ugr = Kg1(0 — 691)%, where Ky; and 6gjare the bending stiffness and equilibrium angle,

respectively. Here Kg= 3.0 kgT and 8y = 180°. Under these interactions, the random lipid
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molecules are able to self-assemble into a vesicle or a planar membrane under suitable
concentrations 3%,

Polymer and nanoparticle model. All polymer chains tethered on the inorganic core have the
same polymerization degree of N=30. The monomers within a polymer are connected by a
harmonic bond potential: Uy, = Ksz(rl-j—rsz)z, with spring stiffness K= 2111.3 kgT/ré and
equilibrium distance ry; = 0.4125r(. Additionally, an angular potential, defined as Uy, =
Ky;(cos 8 — cos 602)2, is applied between three consecutive monomers to tune the stiffness of
polymer. To be specific, when Kgp = 16.4946 kgT and equilibrium angle 8y,= 130°, the polymer
can correctly reproduce the conformation of a PEG polymer in water °'-63, Three additional angular
constants, Ky = 0,100,500 kgT are used to model polymers with different stiffness. The
equilibrium angles in these three cases are taken as 6y,= 180°. To calibrate the polymer stiffness,
we calculate the polymer persistence length under these parameters. Four different persistence
lengths of E = 0.17,0.21, 1.21, 2.21are obtrained for the angular constants of Ky, =0,
16.4946, 100,and 500 kgT , respectively. Please refer to the Supporting information for details
about the estimation of polymer persistence length. In order to take the flexible linker between the
inorganic core and tethered polymer, the angular constant for the angle potential relating the
bead on inorganic core and the first two beads in each polymers is taken as zero.

The inorganic core is represented by a rigid NP and corresponding beads are arranged on a FCC
lattice with a lattice parameter 0.8 r, covered by a layer of spherical shell beads. There are 1575
beads in total for the core with a radius of 5. A polymer is grafted on the surface of the rigid
core through a harmonic potential. The grafting density o, of the tethered polymer in our DPD
simulations is 0.05, 0.2, 0.35, 0.5, 0.65, and 0.8 chains per 3. The corresponding numbers of
polymer chains is M = 15, 63, 110, 157, 204 and 251, respectively. All free ends of the grafted
polymers are bonded with lipid (head) molecules through a harmonic potential. For simplicity, we

assume that this harmonic potential is the same as that for polymers. In this way, one end of the
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polymer is tethered on the core surface, while the other end is covalently connected to a lipid
molecule.

Simulation protocol. All the repulsive interaction parameters a;jfor different types of beads are
given in Table S1 of the Supporting Information. Periodic boundary conditions are applied along
all directions. The number density of beads in the simulation box is fixed at 3/r3 5. The physical
length corresponding to our simulation units are obtained by comparing the membrane thickness in
simulations dy,; = 3.4 1 to the thickness of a DMPC membrane, d,;; ~ 3.53 nm %, indicating r,
~ 1 nm. The experimental lipid lateral diffusion coefficient of DMPC % is D Sum?s 1. The
lipid lateral diffusion coefficient in simulation is, Dipia = 5.59 x 10 —2r%/7. Therefore, we

estimate the physical time scale 7 = 11,2 ns.

4.2 Synthesis and Characterization of CPLS-PEG-DNA NPs

Synthesis of CPLS NPs with DNA backfill.

Materials. DNA oligomer was synthesized in house using reagents purchased from Glen
Research. Gold(Ill) chloride trihydrate, sodium citrate tribasic dihydrate, dithiothreitol, 30%
ammonium hydroxide and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were
purchased from Millipore-Sigma. 5000 molecular weight 1,2-distearyl-sn-glycero-3-
phosphoethanolamine-polyethylene glycol-thiol (DSPE-PEG-SH) was purchased from NanoCS.
NAP-5 Sephadex columns were purchased from GE Healthcare.

Synthesis of Au NPs. 30nm Au NPs were synthesized through citrate reduction. 13.8 mg of
gold(IIT) chloride trihydrate were diluted to 49 mL in water. 43.8 mg of sodium citrate tribasic
dihydrate were diluted to 1 mL in water. The gold solution was heated until refluxing with constant
stirring. The citrate solution was added via syringe to the gold solution. The mixture was incubated
while refluxing for 30 minutes. The resulting citrate capped Au NP solution was filtered through a

0.22 um PTFE filter.

23



Nanoscale

Synthesis of DNA oligomer. DNA was synthesized through standard phosphoramidite coupling
chemistry using an automated DNA synthesizer. A polyT 20 DNA sequence was synthesized on a
3’-thiol-modifier- 6 S-S CPG. The DNA was cleaved at room temperature using 30% ammonium
hydroxide and the resulting solution was deprotected at 55 °C for 18 hours. The ammonium
hydroxide was removed under vacuum and redissolved in water. The resulting solution was then
purified through a NAP-5 Sephadex column.

Synthesis of Polymer Tethered Core NPs. Ligands were added to the citrate capped Au NPs in a
10,000:1 molar ratio. The DNA was treated with dithiothreitol for 30 minutes and purified using a
NAP-5 Sephadex column. DSPE-PEG-SH was weighed out under an inert atmosphere in a
glovebox and diluted to 500 pl with ethanol. The DNA and DSPE-PEG-SH were combined
together prior to adding to the Au NPs. The resulting solutions were added to the Au NPs and
diluted to 300 ul with water. These were sonicated for 1 hour. After sonication, samples were
diluted to 746 pl with water. These were incubated on a rotisserie for 1 hour at room temperature.
1.25 pl of 2 mM sodium chloride solution was then added to each sample and were allowed to mix
on the rotisserie overnight at room temperature. 1.25 pl of 2 mM sodium chloride was then added
and allowed to incubate for an hour. The samples were then washed by pelleting on a centrifuge at
9,400 x g for 30 minutes one time. Resulting samples were immediately encapsulated with free
lipid.

Free Lipid Encapsulation. Using a gas tight syringe, 15 pl of 130 uM DOPE was added to a 1.5
mL microcentrifuge tube for each sample. Chloroform solvent was allowed to evaporate, forming a
thin film. The functionalized Au NPs were pelleted using a centrifuge at 9,400 x g for 30 minutes,
the supernatant was removed until a 30 pl volume remained. The Au NPs were briefly sonicated to
mix, and added to the DOPE thin film. The solution was then sonicated for 1 hour.

Nanoparticle Characterization. Samples were dropcast on a 400 mesh Cu grid with carbon
formvar coating (Electron Microscopy Sciences). All samples were stained with 0.5% uranyl

acetate prior to imaging. Transmission Electron Microscopy (TEM) images were taken on a

—
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ThermoFisher Tecnai 12 G2 Spirit BioTWIN TEM with an accelerating voltage of 120 keV.
Dynamic light scattering measurements observed on a Malvern Zetasizer ZS90.
Supporting Information

Supporting Information is available for computational model setup and protocol, and
additional simulation and experimental results.
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Figure 1. Schematic of the self-assembly of a TML. The spherical inorganic core is surface
functionalized by polymer chains displaying anchored lipids at terminals. Upon addition of free
lipid molecules around the polymer tethered core, a complete lipid bilayer shell forms at the
surface, driven by the hydrophobic nature of lipid tails. The inorganic core is colored in silver,
which could represent gold, superparamagnetic iron oxide or other materials. The polymer is
colored yellow. The lipid heads and tails are colored in blue and cyan, respectively. Note that the
free ends of the polymer are covalently bonded to the heads of anchored lipids. The lower panel
shows the configurations of the polymer tethered cores at a series of different polymer
persistence lengths.
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Figure 2. Self-assembly of TMLs at different stiffness of the tethered polymers. (A-B) Self-
assembly process of TMLs with different normalized persistence lengths of [, =0.17 and [,
= 2.21. The grafting density and free lipid number are the same for both cases with values of g
= 0.35 /nm? and N =3500. (C) Self-assembly process of TML with [, =2.21, 6,= 0.8/
nm?and N 5 =8500. The upper and lower panels in each figure show the whole and cross-
sectional views respectively. Water beads are not shown for clarity.
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Figure 3. Phase diagrams of TMLs with tethered polymers of different stiffness. (A-D) Phase
diagrams for TMLs with tethered polymers of normalized persistence lengthsl,
=0.17,0.21, 1.21, and 2.21, respectively. Each phase diagram is constructed as a function of
free lipid number and grafting density. The results in each diagram can be classified into three
different phases exhibiting (1) perfectly encapsulated states, (2) over encapsulated states, and (3)
partially encapsulated states.
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Figure 4. (A) Computed images of the major morphology categories observed through in silico
experiments. (B-E) TEM and statistical characterization of 100%, 75%, 50%, 0% PEG-DSPE
CPLS NPs. Scale bars are 50 nm for higher magnification, 100 nm for lower magnification.
Samples are stained with 0.5% uranyl acetate. Statistical parameters are discussed in Supporting

Information, Section 3
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Figure 5. Properties of the perfectly encapsulated TMLs. (A) Radius of a perfectly encapsulated
TML as a function of tethered polymer grafting density at different persistence lengths. (B)
Radial bead number density of a perfectly encapsulated TML with [, = 0.21,0,=0.8 / nm?, N f
= 5500. (C) Number of stored water beads within the encapsulating lipid bilayer.
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Figure 6. Estimation of required free lipid number and tethered polymer grafting density for
perfectly encapsulated TMLs. (A-B) Schematic of indenter test for polymer tethered cores at the
normalized persistence lengths of (A) [, =0.17 and (B) I, =2.21. The red beads are those
polymer terminals that can freely translate on the indenter wall. The indenter wall will produce
an outward repulsive force for the terminal beads, if their positions are inside the indenter wall.
On the other hand, the indenter wall will produce an inward force for other polymer beads, if
their positions are outside the indenter wall. (C) Tethered polymer free energy as a function of
the indenter size at different tethered polymer persistence lengths. The optimal indenter size is
marked in light red. (D) Self-assembly process of planar tethered lipid bilayers at different
polymer persistence lengths. An intact membrane is formed at the grafting density of gy,
= 0.06 / nm? for each case. (E) Comparison of the estimated critical grafting density obtained
with Equation 2 (solid line) and those values in the phase diagram (scattered points).



