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ABSTRACT

Nanomaterials allow designing novel targeted therapies, facilitate molecular diagnostics and are
therefore enabling platforms for Personalized Medicine. A systematic science and a predictive
understanding of molecular/supramolecular structure relationships and of nanoparticle
structure/biological property relationships are needed for rational design and clinical progress but
are hampered by the anecdotal nature, nonsystematic and non-representative nanomaterial
assortment and the oligo-disciplinary approach of many publications.

Here, we find that a systematic and comprehensive multidisciplinary approach to production,
exploration of molecular-structure/ nanostructure relationship and nano-bio structure/function
relationship of medical nanomaterials can be achieved by combining systematic chemical

synthesis, thorough physicochemical analysis, computer modeling and biological experiments, as
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shown in a nanomaterial family of amphiphilic, micelle-forming oxazoline/siloxane block
copolymers suited for clinical application. This comprehensive interdisciplinary approach leads
to improved understanding of nanomaterial structure, allows new insights into binding modes for
the nanomaterial protein corona, induces the design of minimally cell-binding materials, and
yields rational strategies to avoid toxicity. Thus, this work contributes to a systematic and

scientific basis for rational design of medical nanomaterials.

KEYWORDS: PDMS-PMOXA polymer, self-assembling nanoparticle, computer modeling,

structure-property relationship, nano-bio interaction

Nanomaterials are highly promising new materials for medicine because they can achieve, in a
single particle, one or multiple desirable effects like delivery of poorly soluble drugs,” 2 control
of drug biodistribution to certain tissues or diseases like cancer and inflammation by selective
extravasation,’ receptor-specific targeting,” delivery of diagnostic agents for molecular imaging,”
triggered functionality, e.g. phototriggered cy‘totoxicity,6 combined diagnostic and therapeutic
features in “theranostic” particles.” They also allow to build nanosized objects with complex
functionality, like artificial organelles targeted to specific cells.® In comparison to small
molecular pharmaceuticals and biologicals, the production, characterization, pharmacological
properties, mechanisms of biological interactions and in particular the mechanisms causing

undesired and toxic effects are markedly different.”

While numerous publications about
nanoparticles for medicine can be found in the recent literature, many of them are limited™ by
anecdotal nature, nonsystematic material assortment dictated by commercial availability rather
than systematic design, choice of nanomaterials with the low potential for clinical application
(e.g., solid polymer beads or hard metal nanoparticles), and by a mono- or oligo-disciplinary

approach.

Nonspecific binding of plasma proteins like albumin or complement factors to nanoparticles

12-16 17, 18

(“corona formation”), induction of and binding to preformed IgM,

19-21

and nonspecific
binding of nanoparticles to cells are well known, and such nano-bio interactions are believed
to be fundamentally influenced by surface properties at the molecular level and the nanoscale
level. Surface properties may include molecular polymer structure, presence and distribution of

hydrophobic domains® and charged residues®® in the surface layer, formation of secondary or
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tertiary structure by the polymer (as shown for PEG®) and nanoscale topology of the
nanoparticle surface.?”

Such effects at the molecular and nanoscale level are thought to be the key drivers of relevant
macro-scale and clinical effects seen in patients. For example, premature removal of particles
from the circulation due to shortened half-life, binding to non-targeted cells, uptake by the
phagocyte system in liver and spleen,”® systemic infusion reactions,” induction of PEG
antibodies,”® alteration of the “enhanced permeability and retention” (EPR) characteristics,”
stimulation of immune cells® and interaction with the coagulation system.31 When the upcoming
paradigm of active nanoparticle targeting is considered where ligands on nanoparticles have to

bind selectively to target receptors on target cells,**

mechanistic understanding of binding
versus stealth becomes even more important for rational design.

Specific nanomaterial properties might also determine elimination pathways as well as toxicity at
short and long term. Limited knowledge about such key aspects may contribute to the
observation that only few new nanomaterials have achieved clinical translation.

Thus, there is broad recognition that a more solid scientific, systematic and quantitative approach
to medical nanomaterials is needed, ultimately promising a mechanistic framework and a
predictive understanding that can lead to rational design strategies for medical diagnostics and
therapeutics. For such a scientific framework for future nanomaterials, it is important to
understand the impact of the chemical structure of the molecular building blocks on nanoparticle
structure after self-assembly in a physiologic environment (molecular structure/nanostructure
relationship) that ultimately might determine the nano-bio interaction of such particles (nano-bio
structure/ function relationship).

To contribute to the scientific basis of medical nanomaterials, we use here a constructive,
mechanistic,  quantitative  and  interdisciplinary  approach to study  molecular-
structure/nanostructure relationship and nano-bio structure/function relationship. This is achieved
by systematic chemical synthesis, by thorough physicochemical analysis, by nanoparticle
computer modeling, and by biologic experiments and is applied to a representative family of
medical nanomaterials, namely the amphiphilic, micelle- and vesicle forming oxazoline/siloxane

block copolymer nanomaterials

RESULT AND DISCUSSION

Polymers



As a prototypical amphiphilic polymer family for nanomaterial assembly, we chose the
oxazoline/siloxane block-copolymer family (PMOXA-b-PDMS-b-PMOXA) because it is a

38, 39

proven platform yielding various functional nanomaterials; its hydrophilic oxazoline blocks

are characterized by strong hydrophilicity (more so than PEG), excellent stealth properties,4o' e
ease of controlled synthesis and accessibility to various chemical functionalization.**** PDMS is
well suited as a hydrophobic building block because these siloxanes are highly hydrophobic,
chemically inert and biocompatible, and the PDMS segments are, as members of the silicone oil
family, liquid at room- and body temperature, thus facilitating mechanistic understanding.** Nine
series of amphiphilic copolymers were designed and synthesized by varying charges, functional

groups, and the length ratio between PDMS and PMOXA segments (Figures la, 1b, and Table
S1).
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Figure 1. Polymer chemistry. (a) Structures of investigated polymers. Tri-coblock ABA
PMOXA-b-PDMS-b-PMOXA with different termini (neutral, positively charged, negatively

charged, and zwitterionic). * Since the H group based micelles show negatively charged surfaces
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(Table S3), the H group is also assigned as a negatively charged group, see context below. (b)
Schematic synthesis of tri-coblock ABA PMOXA-b-PDMS-b-PMOXA with different termini. (¢)
"HNMRs of representative examples of polymers (J2, K2, C, D1, El, F1, G1, H1, I1). CDCl; as
solvent for K2 and G2; CD;0D as solvent for the rest of the compounds.

The 2-methyl-2-oxazoline was polymerized using the living cationic polymerization of the
hydrophilic block (PMOXA) onto the hydrophobic block alpha-/omega-dicarbinol
polydimethylsiloxane (PDMS, 73 siloxane units) that had been activated with triflic anhydride to
serve as macro-initiator as shown in Figure 1b. The length of the hydrophilic PMOXA segments
is determined by reaction time and monomer availability and was controlled by time dependent
quenching. Nucleophilic termination was done with hydroxide, sodium azide, piperazine,
piperidine, and morpholine, yielding copolymers series J, K, E, F, G, respectively; the
copolymers C, D, H, I were then obtained through derivatization (Figure 1b). Copolymers series
C, D, H, I were produced by terminal functional transformation; for example, reduction of
polymer K under mild conditions (dithiol in basic conditions) resulted into polymers D, which
were then acetylated to provide polymers C. Copolymers D and E reacted with succinic
anhydride to produce copolymers H and I.

All the copolymers were well characterized in '"HNMR. Length ratio of PDMS and PMOXA
were determined as ranging from 18.3:1 (73 siloxane: 4 oxazoline) to 2:1 (73 siloxane: 37
oxazoline) by 'HNMR. In representative 'HNMR spectra in Figure Ic, the peak at around 0 ppm
corresponds to the PDMS segment and peaks at around 2.0 ppm and 3.5ppm originate from
PMOXA. Terminal groups can also be accurately distinguished (Figure 1c and Table S2). The 29
copolymers of the 9 series can be classified as 4 categories according to terminal group charge
(Figure 1a and Table S1): neutral J, K, C; positively charged D, E, F, G; negatively charged I,
zwitterionic H. Since the H group based micelles show negatively charged surfaces (Table S3),
the H group can also be assigned as a negatively charged group, see with later context. The
synthetic ease and the resulting purity of the products underscore the utility of oxazoline based

polymers as a platform for systematic investigations and reproducible synthesis.

Molecule-Structure/Nanostructure Relationship



Self-assembly was induced by transferring the polymeric material to an aqueous, physiologic
environment by microfluidic* and batch methods (see methods section). In transmission electron
microscopy (TEM), the resulting nanomaterials were imaged (Figure 2a) and micelle
hydrophobic radius and hydrophilic/hydrophobic interface area were determined (CryoTEM,
Figure S1). From hydrophobic core size density and monomer count of PDMS, the hydrophobic
block count per micelle (association number, Figures 2b and 2c), allows to determine the
stoichiometry of block copolymer chains per nanoparticle as starting condition for computer
modeling. Multiscale modeling of polymeric micelles started from known data from literature
that was integrated in our molecular mechanics framework (see Supplementary information).
Polyethyloxazoline (PEOXA) polymers are known from molecular dynamics studies to assume
random coil configuration in the well hydrated state due to hydration enthalpy gains,46 in contrast
to the reported formation of helices in PEG*" which is less hydrophilic and in PEI due to
formation of intra-/inter-chain hydrogen bridges.”® *® PMOXA is even more hydrophilic than
PEOXA and can be regarded as a prototypical well-hydrated polymer. Molecular mechanics
optimization of short PMOXA segments was performed using the MMFF94s force field in the
Avogadro software™, yielding consistently preferred rotamer conformations of + 90° at the
backbone CN bonds and a predominance of trans versus gauche configuration at the backbone
CC bond. These findings correspond well to molecular dynamics results of hydrated
polyethyloxazolines. Using rotamer configurations in the proportions found in Ref.46 with an
added noise term, large numbers of randomly varying copolymer structures were created and
assembled to composite nanostructures in a self-assembly-like process as guided by the
experimental findings in TEM. Figures 2a and 2b (TEM/modeling) give an overview over
nanoparticle sizes determined using multiple methods and resulting in a series of models.
Modeling shows that the hydrophobic blocks are in mushroom configuration (Figure 2b) rather
than brush conformation and exposes the possibility that there are potential gaps between the
hydrophilic strands that are large enough to expose the hydrophobic surface to molecules from
the outside and suggests one possible mechanism for nonspecific binding.

Note that with increasing block size of the hydrophilic segment (same hydrophobic segment), the
size of hydrophobic part decreases, but surface area per monomer increases (Figure 2¢) the peak
for hydrophilic monomer density per volume is approximately constant while the peak location

moves outward from the interface (Figure 2d) — these parameters are therefore potential



candidates for rational design. For details see supplementary information (Self-assembly in

aqueous solution: from polymer structure to micelle shape elucidated by computer modeling).
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Figure 2. Impact of polymer structure on morphology. (a) TEMs of polymeric micelles derived
from triblock copolymers J B73-(Ap,,-OH), with increasing PMOXA lengths, m= 7, 12, 17, 19, 37.
(b) Simulated micelles with fixed PDMS length and variable PMOXA lengths (7, 12, 17, 19, 37).
PDMS hydrophobic core: black grey; PMOXA hydrophilic strand: green-T (terminus); white-
methyl; blue-N and red-O. (¢c) Number of monomers per micelle from calculation and surface
area per monomer (Median) *Polymer ABA can be represented by an abbreviated formula B,-
(Am-R); or even a shorter abbreviation:-R-m (see Figures 2a, 2d and Table S3). Hereinto, A:
PMOXA block; m: length of PMOXA; B: PDMS block; n: length of PDMS; R: an abbreviation
of a terminal function group. d) Monomer distribution on micelle surface as from molecular

simulation.

Nano-Bio Interaction (Cellular Uptake)



51, 52 1 53, 54
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Physicochemical properties of nanocarriers such as size, shape,”™ surface charge and

hydration shell,” are known factors modulating bio-nano interaction including cellular binding,

1316 and toxicity. To investigate cell interactions of polymeric

uptake, protein surface binding,
micelles, hydrophobically modified Rhodamine B dye was encapsulated by co-precipitation
during self-assembly. The cellular uptake of the micelle into the HeLa cell line was assessed by
flow cytometry. In addition to physicochemical characterization and biological experiments, the
use of computer modeling of the nanomaterials via a multiscale approach contributed insights to
nanoparticle structure and enabled an enhanced mechanistic understanding of the relationship
between polymer chemistry, nanosystem structure, and biological effects. Non-specific cell
binding and uptake was affected by hydrophilic block length and terminal group: polymers with
positive charge but short hydrophilic blocks exhibited high non-specific cell binding (Figure 3),
while an increase in hydrophilic block length reduced the impact of terminus charge, understood
as a reduced availability of charges in the outer micelle layer (Figure 4a) as predicted by
modeling results showing a random coil structure in aqueous solution of this polymer (Figure 4b).
Observational studies have reported that surface charges of nanoparticles are important for nano-

bio interactions.’®>®

We therefore investigated the structure-function relationship of charged
groups, charge parameters, and cell interaction in more detail using the synthetic and modeling
information. Charges may be imparted to a polymer surface in the presence of charged groups,
through binding, e.g. amide complexation of ions formed, or through surface effects mediated in

yet different ways.59
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Figure 3. Cellular uptake in HeLa cells of fluorescently labeled tri-block amphiphilic polymer

with different termini R and PMOXA lengths Am after 8 h incubation as investigated by flow

cytometry.
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Figure 4. (a) Graph showing the hydrophilic strand protrusion from the hydrophobic shell and the
charge of the outermost polymer residues for various polymer types. A smaller distance
difference between the strand length and charge location shows a higher density of the surface
charge. b) Simulated micelle (hydrated) B73-(A7-R), (left) and micelle B73-(As7-R), (right).
PDMS hydrophobic core: black grey; PMOXA hydrophilic strand: blue.

Zeta potential determination is a frequently used method to determine global surface charges of
nanomaterials and relies on the mobility of charges in different layers in proximity to the
particle.60 As the electrostatic interaction between charged residues in physiologic buffers is a
local phenomenon with an electrostatic screening length (Debye length) of less than 1 nm, we felt
that beyond Zeta potential measurement, geometric charge distribution in 3D could be an
additional key to understanding the impact of charges on nano-bio interactions.

Modeling of the charge distribution in hydrophilic polymer surface with charged terminal shows
its proximity to particle’s outermost layer (Figure 4a), resulting in a highly planar and strongly

charged layer, a high absolute value of the zeta potential (Table S3), and in case of positive
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charges, strong nonspecific binding to cells. The surface charge distributions of E4 B73-(A17-
Pipz), and E1 B73-(As-Pipz), based micelles were also proved through electrokinetic charge
calculation based upon their zeta potentials (See supplementary information).

Charge distribution modeled in micelles with long hydrophilic blocks revealed that a significant
proportion of charged groups is now buried within the thick hydrophilic layer and is located
farther away from the shell than the Debye length (2 nm) from the outermost layer of the particle.
A participation of those charges in nano-bio interactions is not expected. Also, the surface
“roughness” in the latter particles is larger due to the alternative occurrence of protruding and
folded strands, potentially reducing the accessibility of charged groups. While positive charge
favors cell-binding of nanomaterials, as documented in the literature and found in our results, we
observed experimentally a strongly diminished nonspecific cell binding with positively charged
polymers when the hydrophilic blocks are long enough (Figure 3), as predicted by the modeling.
This was accompanied by some decrease of the Zeta potential; but the Zeta potential alone did
not fully explain the amount of nonspecific cell binding. Notably, negatively charged termini,
specific end groups consisting of a positive charge embedded in a larger group (N-morpholine
terminus with a pKa ~8, Table S2) and zwitterionic species (family H) showed low cell binding.
Thus, we believe that charge distribution modeling plays an important role in the rational design

of polymeric nanosystems for medicine.

Neutral polymers showed low binding with marginal impact of block length and negatively
charged polymers had the lowest binding (Figure 3). Cell uptake (micelles with positively
charged surface) was temperature dependent and thus active (Figure 5) (See supplementary
information for details). The cytotoxicity of all studied polymer based micelles was low (Figure

6).
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a Positive Neutral Negative
E1 -Pipz-7 J4 -OH-12 H1 -Pipz-COOH-7

Figure 5. Cellular uptake in HeLa cells of fluorescently labeled tri-block amphiphilic polymer at
4°C and at 37°C. a) Representative laser scanning confocal microscopy images of HeLa cells
incubated with polymers El (-Pipz-7), J4 (-OH-12), H1 (-Pipz-COOH-7) at 4°C and 37°C after
4h incubation. All bars indicate 10 um. b) HeLa cells were incubated with polymers for 0.5, 1.0,

2.0 and 4.0 h and investigated by flow cytometry.
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Figure 6. Cell viability of tri-block amphiphilic polymer in HeLa cells as determined by cell
proliferation assay after 24 h incubation. Experiments were performed in quadruplicate and data

is expressed as means =+ standard deviation (SD).

The reported methods and results contribute to a knowledge-based and predictive science for the
design of future polymeric nanosystems for medical applications.

This approach leads to lessons towards rational design of such materials, indicates potential
binding models for the nanomaterial protein corona, induces the design of minimally cell-binding
materials, and yields strategies to prevent nanomaterial toxicity. Thus, this work contributes to a
systematic and scientific basis for a rational design of medical nanomaterials.

Nano-Bio Interaction (Effect of Chemistry and Shape on Plasma Protein Binding and
Complement Activation)

A proper understanding of the interaction of plasma proteins with nanoparticles is of great

1316 Dye to the interactions between

importance for their successful application in nanomedicine.
nanoparticles and proteins, the conformation of proteins may alter and novel epitopes may be
exposed to their surface leading to unexpected biological reactions and toxicity. Human serum

albumin (HSA), the most abundant protein in plasma (4-5% w/v) regulates osmotic pressure and
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transport and metabolism of numerous compounds in the organism (e.g., fatty acids, drugs,
hormones, metal ions). Hereby, we arranged a systematic assessment of the absorption of HSA
and analogous bovine serum albumin (BSA) at various copolymers based nanoparticles through
measurements of the changes of their sizes (Z-average hydrodynamic diameter), surface charges
(C-potential) and dissociation constants (Kp). Here, six groups of polymeric micelles with 2
different PMOXA lengths (7 and 17 MOXA units) and 3 different terminal groups (-Pipz, -OH, -
Pipz-COOH) were chosen for further measurements, respectively, i.e. E1 -Pipz-7, E4 -Pipz-17;
J2 -OH-7, J5 -OH-17; H1 Pipz-COOH-7, H4 -Pipz-COOH-17. Figure 7a shows the influence of
the length and terminal groups of copolymers on sizes and surface charges of these copolymers
based micelles with a titration of HSA. Figures 7a-A and 7a-C show that Z-average diameters of
micelles increased upon binding. The polymeric micelles have similar sizes (30-37 nm) in the
absence of HSA and the increase of the sizes upon terminal group follows the order: -Pipz > -OH
> -Pipz-COOH. On the other hand, micelles constructed by the longer length of PMOXA (17
MOXA) are smaller than the one with the shorter length, except micelles with zwitterionic group
(-Pipz-COOH) modified surfaces. This observation is consistent with the change of related C-
potential of micelles during the titration. Fig 7a-B shows the {-potential of polymeric micelles
upon binding with the titration of HSA, which is the surface potential measured at a distance of

about 0.2 nm away from the plane of micelles with HSA binding.
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Figure 7. (a) Monitoring of the changes of size and zeta-potential of the polymer based micelles
upon HSA absorption (titration). A and B: Z-average hydrodynamic diameters (plot A) and zeta
potentials (plot B) of polymer micelles (E4; J2, J5; H1, H4) as a function of HSA concentration.
C: zeta potential and Z-average hydrodynamic diameter of E1 based micelles as a function of
HSA concentration. (b) Interactions of f-BSA with different polymer based micelles monitored
by both fluorescence intensity (FLI) and microscale thermophoresis (MST). The concentrations
of f-BSA (50nM or 100 nM) were kept constant during the measurements, while mixing them
with increasing concentrations of polymers. Normalized fluorescence intensities of f-BSA as a
function of polymer concentration are presented (black symbols), data fitted with 1:1 binding
model (black lines for E4, J5 and H4; red lines for E1, J2 and H1); changes of hot/cold signal of
f-BSA upon binding were also recorded (blue). A: E1, E4; B: J2, J5; C: H1, H4.

For micelles with neutral surfaces, the size of J2 -OH-7 based micelle after saturation with HSA
went up to 70.4 nm and the {-potential increased from around 0 to -22 mV (C-potential of HSA
alone in solution), which demonstrates that HSA was just adsorbed to the outer layer of the
micelles. Less change was observed for J5 -OH-17 based micelles. The increment of micelle
diameter was 14 nm (twice the HSA molecular diameter) and the C-potential had a tiny decrease
(to -3.1 mV). For micelles surfaces modified with zwitterionic groups (in general, negatively
charged, H4 -Pipz-COOH-17 and H1 -Pipz-COOH-7), the variation of size (diameter increased
around 5-7 nm) and C-potential (decreased around 5 mV) is less in dependent upon the change of
polymer chain length. In contrast to micelles with neutral and negative surfaces, the positively
charged micelles displayed huge variations in sizes. The diameter of copolymer E4 -Pipz-17
based micelles increased to 87.8 nm after HSA saturation and C-potential decreased from 9.1 to
2.1 mV. In addition, Fig 7a-C demonstrates the dramatic changes of the size and {-potential of
E1 -Pipz-7 based micelles. The size of micelles rapidly went up, whereas the positive charge of -
Pipz-7 was neutralized by HSA at a concentration of 0.5 uM (dy = 1750 nm). Further titration of
HSA led to continuous increase of size up to 2000-3000 nm and the C-potential dropped to -20.5
mV and concurrently the solution became turbid at the end of the titration, and precipitation was

observed thereafter.

From the above phenomena, the interaction between HSA and polymeric micelles is highly
dependent on the terminal charge and hydrophilic length (PMOXA) of copolymer. Therefore,
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hydrophobic interaction, electrostatic interaction, even hydrogen bonds play a role in the binding
processes. According to above TEMs and computer modeling, micelles with longer length of
PMOXA (17 MOXA units) show a more flexible outer layer, lower charge density and less
hydrophobic space as compared to the micelles with shorter of PMOXA (7 MOXA units).
Hydrophobic interaction or hydrogen bonding plays a prominent role in the interaction between
the HSA and micelle. Presumably, HSA may be embedded in the hydrophilic outer layer. Of
course, charge also influences this tendency. Micelles with positively charged surfaces showed
large size effects as shown in Figure 8b and negatively charged showed small size effects, both of
which are due to charge attraction and repulsion, respectively. For the micelles with short
PMOXA lengths, both hydrophobic and electrostatic interactions have a synergistic effect on the
size increase for micelles with positively charged surface. Here, negatively charged HSA works
as a crosslinker to bind these micelles as shown in Figure 8a. J2 -OH-7 (neutral) based micelles
may only have relatively strong hydrophobic interaction with HSA. Similar to micelles with
negatively charged surface (long PMOXA chain), H1 -Pipz-COOH-7 based micelles have strong
charge repulsion with negatively charged HSA, thereby preventing size increase. On the other
hand, hydrophobic interaction and possible tiny charge attraction with the residual positive
charge of HSA may contribute to the small size increase.

For a further elucidation of the interactions between proteins and polymeric micelles, we used
fluorescence labeled BSA (f-BSA) as an analogue of HAS and titrated with three types of
polymeric micelles using fluorescence and thermophoresis techniques. The measured Kp is listed
in Table S4. The binding stoichiometry could not be determined accurately from these
measurements, even though more than one polymer binding to HSA was observed by several
techniques (DLS, C-potential, FLI). For this study, a 1:1 binding model was assumed. As shown
in Figure 7b, micelles with longer length of PMOXA (17) showed higher binding affinity of HSA
than micelles with shorter PMOXA (7). This further proves that micelles with shorter PMOXA
have a relatively rigid outer layer, which impedes further tight hydrophobic and electrostatic
interactions with f-BSA. The thermophoresis of the binding studies showed the evident changes
with E1 -Pipz-7 based micelles, which can be explained by a larger change of charge and entropy
of the hydration shell of f-BSA.®* In contrast, there is no significant change of thermophoresis
upon f-BSA binding to the remaining polymeric micelles (Figure 7b). In addition to
thermophoresis, the secondary structure of HSA in the presence of 3 different polymer micelles

was determined by CD spectroscopy. The analysis of HSA in buffer (10 mM phosphate, pH 7.4)
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was assessed as 54.5+2.2% a-helix, 5.4+2.1% B-sheet, 36.2+3.5% random coil, and 6.4+1.6% [3-
turn. There were no significant changes of secondary structure upon binding with polymeric

micelles (Figure S3).

Figure 8. Cartoon showing an interaction between the positively surface charged nanocarrier
constructed with different length of PMOXA segment and HSA: (a) Negatively charged HSA
works as a crosslinker to bind these micelles built by the polymer with a shorter PMOXA length
(E1); (b) Micelles with positively charged surface shows a large size and may partially

encapsulate the HSA molecules.

Nano-bio interaction (in vivo)
Based on the above studies, we further evaluated the influence of the charge and length of the
polymers PMOXA-PDMS-PMOXA in vivo. First, three types of polymers J2 -OH-7, E1 -Pipz-7
and H1 -Pipz-COOH-7 were selected with the same PMOXA length 7 and different termini:
neutral -OH, positively charged -Pipz, negatively charged -Pipz-COOH, respectively. The
nanomaterials based on the above polymers were administrated to male C57BL/6 mice via intra-
venous injection. Tissue distribution analysis upon sacrificing of the mice after one week was
conducted, where we found strong fluorescence signals in the liver and lymph nodes for H1
polymers, but not for J2 and E1 polymers (Figures 9a and S4). This indicates that negatively
charged surfaces of the nanomaterials promoted a long lifetime in blood circulation and a great
consistency of the relationship between the surface charge and unspecific cellular uptake of the
nanomaterials as studied above. In a word, first, a strong unspecific cellular uptake of
nanomaterials entailed fast metabolism and clearance from the body of the mice. Second, similar
experiments using different lengths of PMOXA (7 and 17) and the same charged terminus (-Pipz-
COOH) of nanomaterials (H1 and H4) further demonstrated that the micelles with a short
PMOXA length and negatively charged surface have strong charge repulsion with negatively
17



charged cell membrane surfaces in the organs, resulting in a long lifetime within the body of the
mice (Figure 9b). Third, elimination of nanoparticles via feces confirmed the above results
(Figure 9e). Due to the specific behavior of the H1 based micelles in the above experiments, a
full-time spectrum (24 h to 3 months) of the bio-distribution of the micelles in male C57BL/6
mice was conducted and the result is shown in Figure 9d, which indicates a long duration (>1
week) and a strong intensity of nanocarrier accumulation in lymph nodes. Presumably, H1 based
micelles can be utilized as a potential ideal nanocarrier candidate in the field of immune therapy.
Furthermore, a targeted biodistribution using H1 based micelles in NOD-SCID mice
(subcutaneous xenograft of C8161 cells) was confirmed by a strong fluorescence signal in the
tumor (Figure 9c). Therefore, the nanocarrier design and synthesis assisted by a computer

modeling can accelerate the exploration of novel nanodrugs.

a

Figure 9. (a) Biodistribution (1 week after i.v. injection) of micelles built by copolymers having
same length of PMOXA (7 units), but different terminal charge (Neutral -OH, positively charged
-Pipz, and negatively charged -Pipz-COOH). (b) Biodistribution (1 week after i.v. injection) of
micelles built by copolymers having different lengths of PMOXA (7, 17 units), but identical
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terminus (-Pipz-COOH). (c¢) Binding assay in vivo — targeting of C8161 cells by the FA (folic
acid) conjugated copolymer -OH-7 based micelles (organ dissection after 72 h). (d)
Biodistribution of -Pipz-COOH-7 based micelles versus time in different organs of mice after i.v.
injection. (e) Excretion of different terminal charged micelles in feces versus time after i.v.
injection. Note: for fluorescence measurements Rhodamine B was covalently coupled to a
hydrophobic polymer (PDMS) with a specific length to encapsulated well in PMOXA-PDMS

based micelles.*’

CONCLUSIONS

Well-characterized polymers were systematically synthesized with varying chain lengths and
terminal groups, followed by nanosystem self-assembly, physicochemical characterization, and
examination of nano-bio interactions, namely protein surface binding, cell binding, cellular
uptake, cytotoxicity, and biodistribution. Computer modeling of the nanomaterials using a
multiscale approach contributed insights to nanoparticle structure and enabled a mechanistic
understanding of the relationship between polymer chemistry, nanosystem structure, and
biological effects. Non-specific cell binding and uptake was affected by hydrophilic block length
and terminal group: polymers with positively charged terminal but short hydrophilic blocks
exhibited high non-specific cell binding, whereas an increase in hydrophilic block length reduced
the cell binding. The impact of terminal charge, understood as a reduced availability of charges in
the outer micelle layer was predicted by modeling results. The hydrophilic segment of these
polymers shows a random coil structure in aqueous solution. Neutral polymers showed low
binding with marginal impact of block length. Negatively charged polymers had the lowest
cellular uptake. Cellular uptake was temperature dependent and thus active. Cytotoxicity was low.
The reported methods and results contribute to a knowledge-based and predictive science for the

design of future polymeric nanosystems for medical applications

MATERIALS AND METHODS

Materials. All substances for polymer synthesis were purchased from Sigma-Aldrich (St. Gallen,
Switzerland) and ABCR (Karlsruhe, Germany) and were used as received unless otherwise stated.
2-methyl-2-oxazoline, chloroform and acetonitrile were dried by refluxing over CaH, under dry
argon atmosphere and subsequent distillation prior to use. Bovine serum albumin (BSA) and
human serum albumin (HSA, purity > 99%) were purchased from Sigma Aldrich (Steinheim,
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Germany). BSA was labelled with fluorescein (f-BSA, purity > 99 %). The concentration of HSA
was calculated by recording the UV absorption at 280 nm with an extinction coefficient of 35,700
M™cm™. Buffer: PBS solution and phosphate powder were obtained from Sigma-Aldrich; buffer
(10 mM phosphate, pH 7.4), 1/10 PBS at pH 7.0 and pH 7.4, 1/15 PBS at pH 7.0 were made with
nanopure water at a resistivity of 17 to 18 MQxcm, then filtered through a 0.2 pm regenerated

cellulose filter (Infochroma AG, Zug, CH) before using.

'HNMR measurement. The 'H-NMR spectra were recorded with a Bruker DPX-400
spectrometer (Bruker, Switzerland). Deuterated chloroform (99.8% D) and Deuterated methanol
(99.8%) were used as solvents. Spectra were analyzed with MestReNova 7.0.3 software
(Mestrelab Research SL, Spain) and calibrated using solvent signals (CDCl3, 7.26ppm; CD;0D,
3.31ppm). The molecular weights of the polymers were obtained from "HNMR calculation.

Synthesis of ABA amphiphilic triblock PMOXA-b-PDMS-b-PMOXA copolymers. The
polymerization and work-up procedures were synthesized and modified according to our
previously described synthetic methods* and the procedures provided in the Supplementary

Information.

Preparation of micelles. To prepare the micelles, 5 mg of polymer was dissolved in 20 uL of
ethanol under stirring at room temperature. With this solution, 0.98 mL of phosphate-buffered
saline (PBS, pH 7.4) was added dropwise. After 2 h of continuous stirring, the solution was
filtrated through filters of defined pore size (Millex-GV, 0.22 um; Millipore) to generate a
homogenous population of micelles. To produce fluorescence-labeled polymer micelles,

hydrophobically modified rhodamine B was used.

TEM and Cryo-TEM. The morphology of PMOXA-PDMS-PMOXA was characterized by
TEM (JEM-1400, JEOL) after staining with 2% (w/v) uranyl acetate. The size distribution of
PMOXA-PDMS-PMOXA was measured from the obtained TEM images with ImageJ.

Analysis of size and composition by electron microscopy. Polymeric micelles were analyzed
by automated particle counting and quantification using the ImageJ package. For each polymer

micelle type, several hundred micelles were detected, their cross-sectional area measured, and the
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radius and hydrophobic volume computed. Based on the known specific weight of PDMS and the
hydrophobic block length, the number of PDMS blocks per micelle, corresponding to the number
of copolymer strands per micelle, was computed. From these measurements, surface area per
hydrophilic block can be derived.

The hydrophilic shell is in a dehydrated state in TEM, but it is compatible to metal ions due to the
carbonyl group, therefore, the minimal distance between two adjacent hydrophobic cores is a
measure of the combined thicknesses of the dry shells including interspersed ions from the
contrast agent (uranium acetate 2%). In high-resolution cryo-TEM, micelles are hydrated, and a
rim compatible with the hydrophilic shell that can be measured is usually seen if image quality is

excellent.

Modeling. Polymers and polymeric micelles were modeled using a multiscale strategy with the
molecular modeling software ,,Computational Molecules” (http://www.computational.ch). A
multiscale strategy was chosen because the large number of atoms per polymer strand (up to
1,500 atoms) and per micelle (up to 700,000 atoms) renders full ab initio modeling infeasible at
this moment. PDMS blocks were likewise modeled in an atom-by-atom fashion based on known
geometry of the PDMS backbone® and assuming random rotational of the SiO bond. Polymeric
micelles were modeled by starting by construction of a hydrophobic sphere with the
experimentally known diameter. Hydrophilic PMOXA segments were then grafted onto the
hydrophobic shell at random locations on the shell with an inside-to-outside orientation, choosing
the segment density per area known from experiments. Inter-strand interaction in the hydrophilic

shell was not modeled due to the huge number of potential interactions.

Surface activity measurements (SAM). The measurements were performed with a Teflon
trough (filling volume 3 ml) at ambient temperature in PBS buffer. The surface pressure, w = vo-
v, where yo is the surface tension of the pure buffer and y the surface tension of the polymer
solution, was monitored with filter paper (Whatman No. 1) connected to a Wilhelmy balance.
Polymer solution (0.5 mg mL™ or 0.1 mg mL™) was injected with a Hamilton syringe into the
buffer subphase, which was stirred continuously by a magnetic stirring bar. From the n/logC
plots of the polymers, the intersection of the 2 linear lines with different slopes is defined as the

critical micelle concentration (CMC) of the polymer. The free energy of micelle formation,
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AG’i, calculated as AG%yic = RT In(CMCI/C,,), where C,, is the molar concentration of water and

corrects for the cratic contribution C,, = 55.5 mol/l at 24 + 1°C ®,

Light Scattering and {-potential (ZP) measurements. The size and ZP of polymer micelles
were performed on a Zetasizer Nano-ZS instrument (ZEN3600; Malvern Inst., Worcestershire,
UK) in the presence of various HSA concentrations. The instrument is equipped with a 4 mW
HeNe laser with a wavelength of 633 nm and with noninvasive 173° angle back scattering. The z-
average size is intensity mean. All samples were filtered (0.2 um) and degassed before using and

the measurements were performed at 37 °C.

Fluorescence intensity (FLI) and microscale thermophoresis (MST) measurements. Binding
of HSA to polymer micelles was studied by FLI and MST with f-BSA. The experiments were
conducted in a Monolith NT.115T device using hydrophobic treated capillaries (NanoTemper
Technologies). Signal Changes in FLI and MST due to binding were recorded with blue channel
optics of the instrument (Aex= 470 £15nm, Ae,n=520 £10nm), during a 30 s period of infrared laser
heating at 50% of maximum laser power followed by a 5 s cooling period. Measurements were
performed with PBS buffer. ®*

Circular Dichroism (CD) Measurements. CD spectra of HSA (1.89 uM) were measured in the
absence and presence of polymer micelles (143 uM) in buffer (10 mM phosphate, pH 7.4) at 37
°C. The path length of the cuvette was 1 mm, and the bandwidth was adjusted to 1 nm. The
samples were filtered (0.2 um) and degassed before using. The percentage of protein secondary
structure was estimated from a computer simulation based on a linear combination of a-helix, -
sheet, random coil, and B-turn reference spectra taken from ref. %

Cell culture. HeLa cells and C8131 cells were purchased from DSMZ and ATCC, respectively.
The cells were adapted to grow in Roswell Park Memorial Institute 1640 Medium (RPMI 1640
Medium). All cells used in the experiments were cultured in RPMI 1640 medium containing 10%
heat inactivated fetal calf serum (FCS), 1% GlutaMax "™, 1% penicillin/streptomycin and 1%
NEAA. Cultures were maintained at a temperature of 37°C in an atmosphere of 5% CO,. All cell
culture materials were obtained from Gibco Life Technologies, Inc. (Grand Island, NY). Cells

were used 24 hours after seeded unless otherwise stated.
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Cytotoxicity assay. HeLa cells were seeded in 96-well plates (1 x 10* cells / well / 100pL in full
media) for 24 h before further treatment. Subsequently, the cells were incubated with micelle
solutions at concentrations ranging from 0.01-10 mg mL™". After 24 h incubation, the cytotoxicity
of each micelle was determined by CellTiter 96" AQueous One Solution Cell Proliferation Assay
(Promega). As negative control, wells which had no cells plated onto were used; for positive
control, cells were incubated with media alone. All experiments were performed in triplicate and

data presented in means + standard deviation (SD).

Cellular uptake. The cellular uptake of fluorescently labeled polymers was performed using
flow cytometry and laser scanning confocal microscopy. For the flow cytometry, HeLa cells were
treated with micelle solutions at concentrations of 250 pg mL" for 0.5, 1, 2, 4 or 8 h. After
washing twice with ice-cold PBS, cells were trypsinized and centrifuged. The pellet was
resuspended in PBS containing 1% BSA at a concentration of 1 x 10° cells mL™. The micelle
uptake was analyzed using a BD Accuri C6 flow cytometer (Becton Dickinson, San Jose, CA).
For each quantitative analysis a cumulative number of 10* cells were collected in the live cell
gate as defined by the typical pattern in the forward (FSC) and sideward scatter (SSC) display.
The mean fluorescence intensity was analyzed using Flowjo®" software. All experiments were
performed three times and data presented in means + standard error of the mean (SEM).

For the laser scanning confocal microscope studies, HeLa cells (2 x 10%) were seeded onto 10
mm round glass coverslips placed in 24-well plates and grown overnight. Cells were treated with
micelle solutions at concentrations of 250 pg mL™" for 4 h. After washing twice with ice-cold
PBS, the cells were fixed with 4% paraformaldehyde and nuclear stained with DAPI. Washed
coverslips were placed onto glass microscope slides and the micelle uptake was visualized using

a Laser scanning confocal microscope (Carl Zeiss LSM 710 Meta, Peabody, MA).

Animals. C57BL/6 and NOD/SCID gamma-c (NSG) mice (The Jackson Laboratory) were bred
and maintained in the animal facility of the Department of Biomedicine of the University
Hospital Basel under specific-pathogen-free conditions on a 12-hour day and 12-hour night
schedule with ad libitum access to food and drinking water. Body weight and behavior of all

mice in the experiments were monitored repeatedly over the exposition period.

23



Tissue distribution of nanoparticles. Male C57BL/6 mice, 68 weeks old, weighing between
20 and 25 g were selected and placed into different groups with three mice per group based on
the particles they were treated with and the time frame of treatment. 50 mg kg™ fluorescently
labeled micelles in PBS were intravenously injected into mouse-tail vein. A control group of
male C57BL/6 mice received the same volume of PBS. Full necropsies were conducted on the
mice at 1 h, 2 h, 4 h, 8 h, 24 h, 1 week, 1 month and 3 months post intravenous injection. The
heart, liver, spleen, lung, kidney, pancreas, small intestine, colon, testicle, lymph nodes, muscle,
skin and fat were collected and subjected to fluorescence analysis to macroscopically detect the
fluorescently labeled micelles with a NightOWL II device (Berthold Technologies, Bad Wildbad,
Germany). In order to quantitatively analyze the organ fluorescence, the organs were fixed in 4%
paraformaldehyde for 4 h and equilibrated in 30% sucrose—PBS (wt/vol) overnight at 4 °C, then
detected with Synergy H1 (Hybrid Multi-Mode Reader, BioTek, Germany).

Elimination of nanoparticles. After i.v. injection of fluorescently labeled micelles into mouse
tail vein, feces was collected at 0.5 h, 1 h, 2 h, 4 h, 8 h, 24 h, 1 week, 1 month and 3 months and
dried over night at 40 °C, then stored at -20 °C for further analysis. Before analysis, feces was
dried for 2 hours at 40 °C, weighed and dissolved in PBS. The fluorescence intensity of feces
solution was detected with a Hybrid Multi-Mode Reader at excitation and emission wavelengths

of 550 nm and 620 nm, respectively.

Binding assay in vivo. Cultured C8161 cells (10° cells per mouse in 0.1 mL saline) were
subcutaneously injected into the back of NSG mice. The size of the tumor was measured twice
each week using a digital Vernier caliper. Tumor volume was estimated by the following formula:
volume= (a % b2) x /6, where a and b are major and minor axes of the tumor. When the tumor
reached 800 mm®, FA ligand based, fluorescently labeled micelles were intravenously injected
into mouse-tail vein. 72 h post i.v. injection, organs including blood and tumor were collected

and analyzed through fluorescence with a NightOWL II device
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Additional experimental data and explanation including: Synthesis of ABA amphiphilic triblock
PMOXA-b-PDMS-b-PMOXA copolymers; Electrokinetic charge calculation for E4 -Pipz-17 and
E1l -Pipz-7 based micelles; Self-assembly in aqueous solution: from polymer structure to micelle
shape elucidated by computer modeling; Relationship between temperature and cellular uptake
for polymers J4, E1 and H1 based micelles; Composition of the polymers investigated in the
present study (Table S1); Calculated pKa for different terminal functional groups and their charge
situations in aqueous solution (Table S2); Micelle size distribution diameter (DLS), Zeta
potential ({) (Table S3); FL- fluorescence based CMC measurements, SAM- surface activity
based measurements (Table S4); A cryo-TEM of polymer PMOXA-PDMS-PMOXA (Figure S1);
Graph showing the hydrophilic strand protrusion from the hydrophobic shell and the charge of
the outermost polymer residues for various polymer types (Figure S2); Mean residue ellipticity of
HSA alone and in the presence of different polymeric micelles (Figure S3). H1, J2, and E1 based
micelle biodistribution in mice sacrificed after 24h, 1week, 1month, and 3 months, post i.v.
injection, respectively (Figure S4).
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