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ABSTRACT

Polypeptoids are an emerging class of peptidomimetic polymers featuring N-substituted
polyglycine backbones. Polypeptoids are cyto-compatible and backbone degradable, making them
appealing to many biological applications. When the highly polar polyamide backbone is coupled
with non-polar aliphatic side chains, polypeptoids can be considered as facial amphiphiles.
Without extensive hydrogen bonding along the backbone, the conformation of polypeptoid is
largely controlled by the N-substituent structures. The hydrophobicity-lipophilicity balance of
polypeptoids can be readily tuned with the N-substituent structures as well as the molar ratio
between the hydrophilic and hydrophobic segments in their copolymers. In view of these combined
attributes, amphiphilic polypeptoids represent an attractive polymer platform to systematically
investigate the effect of polymer composition and N-substituent structures on their performance as
facial amphiphiles. This dissertation includes four chapters introducing the use of facially
amphiphilic polypeptoids towards environmental and biological applications.

Chapter 1 gives a general introduction to the recent development on the materials and
methods used in the isolation and stabilization of membrane proteins in aqueous solutions.

Chapter 2 presents the investigation of fragmentation of synthetic liposomes using
hydrophobically modified polypeptoids (HMP) towards membrane protein extraction. The effects
of molecular characteristics of polypeptoids on the relative rate and extent of liposome
fragmentation were elucidated by using a combination of SLS, DLS and cryo-TEM methods.

Chapter 3 reports the design and synthesis of amphiphilic polypeptoids-functionalized
Halloysites nanotubes (HNTSs), a class of naturally occurring clay nanotubes, as Pickering

emulsions stabilizers towards oil-spill remediation application. The effects of polypeptoid grafting

vii



and the molecular characteristics of grafted polypeptoids on HNTs on emulsion performances and
the cell proliferation of hydrocarbon degrading bacteria were also investigated.

Chapter 4 presents a work on the synthesis, characterization and investigation of structural
change of ABC thermo-responsive triblock copolypeptoids during the reversible sol-gel transition
in water. The temperature-dependent structural evolution and the effect of polymer hydrophobic

fraction on the polymer self-assembly were investigated by SANS and cryo-TEM method.

viii



CHAPTER 1. RECENT DEVELOPMENTS ON ISOLATION AND
STABILIZATION OF MEMBRANE PROTEINS IN AQUEOUS
SOLUTIONS FOR STRUCTURAL AND FUNCTIONAL STUDIES

1.1 Challenges in characterization of membrane proteins

Approximately 30% proteins in eukaryotic cells are membrane proteins (MP) which can
function as transporters, receptors, anchors and enzymes. Membrane proteins represent over 60%
of the drug targets, 3 and the structures of membrane protein are critical for understanding the
cellular function associated with many diseases, e.g. cystic fibrosis, obesity, etc. Whereas till 2015,
structures of only less than 2% membrane protein have been deposited,”3 which strongly limits
our understanding on cellular membrane biology thus the development of drugs targeted on
membrane protein. The major challenge for membrane protein characterization is due to the
intrinsic high hydrophobicity of membrane proteins and the requirement of membrane
environment for their functional stability. Recent developments on isolation and stabilization of
membrane proteins in aqueous solution for their structural and functional studies will be discussed
in this chapter.
1.2 Detergent micelles in stabilizing membrane protein

Traditional detergents (a.k.a. head-to-tail detergents) are amphiphilic molecules with one
side having hydrophilic head groups and another side with long hydrophobic tails. “Head-to-tail”
detergent have been widely used in membrane protein isolation and characterization by extracting
the membrane protein from phospholipid bilayer into a protein-detergent complex. Various types
of “head-to-tail” detergents (e.g. nonionic, sulfonated, and zwitterionic detergents) have been
applied for membrane protein characterization. Sugar based detergent n-octyl-f-d-glucoside (B-

OG) nonionic detergents with structures shown in Figure 1.1 (c), is one of the most commonly



used detergents which are effective in breaking lipid-lipid and lipid-protein interactions with
retaining protein-protein interactions.®*

Recently, a new class of structurally unique detergent, known as facial amphiphiles, has
been designed and developed. Different from “head-to-tail” structure of traditional surfactant, the
polar and non-polar segments in facial amphiphiles point to opposite face of a conformationally
rigid molecular motif. For example, as shown in Figure 1.1(d), steroid-based amphiphiles are
representative facial amphiphiles having non-polar backbone and polar side chains. As compared
to traditional “head-to-tail detergents, facial amphiphiles stabilize membrane proteins with fewer

molecules with enhanced thermostability. 87+ 8

(a) “head-to-tail” amphiphiles stabilized MP (b) facial amphiphiles stabilized MP

hydrophilic head hydrophilic groups

hydrophobic tail
hydrophobic groups

(c) octyl-B-d-glucoside (B-0G) (d) steroid-based facial amphiphiles

HO 0,
OH
X:H, OH
Ot X R: polar groups

Figure 1.1. Membrane protein (MP) stabilized by (a) “head-to-tail” amphiphiles and (b) facial
amphiphiles. (c) Octyl-B-d-glucoside and (d) steroid-based facial amphiphiles are shown as
representatives to “head-to-tail” amphiphiles and facial amphiphiles respectively.

However, there are some general disadvantages in membrane protein isolation using
detergents. First, the folding structures and physiochemical properties of membrane proteins are
different in detergent micelles as compared with in native membrane. In addition, a monomer-

micelle equilibrium was present above the critical micelle concentration (CMC) of detergent which



result in an unfavorable dynamic environment for stabilizing membrane protein. In addition, CMC
is sensitive to temperature, pH, ionic strength, etc., leading to a poor structural stability of
membrane proteins in the micelles due to the changes of environmental conditions. Furthermore,
the long-term stability of membrane proteins in detergent micelle is limited resulting in possible
protein aggregation and denaturing.®
1.3 Amphipols in stabilizing membrane protein

Many efforts have been dedicated to designing new solubilizing agents with enhanced
structural stability of encapsulated membrane protein and one class of materials that have received
increasing attention is amphipol. Amphipols are short amphiphilic polymers capable to keep
individual membrane protein soluble in the form of small complex. Several types of amphipols
have been designed and synthesized to replace traditional detergents in stabilizing membrane
proteins, e.g. A8-352 glucose-based amphipols,® a-helical or B-sheet peptide,® etc. The
advantage of amphipols over traditional surfactants in stabilizing MP are: 1) amphipols can
stabilize MP at relatively low concentration; 2) the stability of most MPs in amphipols are
enhanced, and the functional states (e.g. folding structures, oligomeric states) of MPs were better
retained in amphipols as compared to those in detergent micelles. However, the major limitation
of using of amphipols in MPs extraction is that most of the amphipols are not able to directly
solubilize biological membranes without the assistance of detergent even though the amphipols
can partition to the lipid membrane. There is still a risk of protein aggregation and denaturing when
using detergents to solubilize target MPs prior to the addition of amphipols.®®
1.4 Membrane scaffold protein (MSP) stabilized lipid nanodisc

As the structure and biological function of membrane proteins are often coupled to their

native lipid environment, there is a strong need to develop new membrane mimetic platform for



studying and analyzing the structural and functional properties of membrane proteins. While
liposomes and vesicles have been used to mimic the cellular lipid environment, they are not ideally
suited for many biophysical and analytical techniques due to the their large sizes, structural
heterogeneity, limited stabilities over time, high viscosity and turbidity in solution, etc.!?
Alternative membrane mimetic system for reconstitution of membrane proteins has been
investigated. Segrest et al. reported the naturally occurring human plasma lipoprotein,
apolipoprotein A-I, can assemble with synthetic phosphorous lipid to form nanoscale water-
soluble lipid/protein supramolecular complexes.>*31420 The scaffold protein and lipid complex is
also known as nanodisc which is a non-covalent assembly of discoidal phospholipids bilayer with
encircling apolipoprotein.»®12 However, the size of natural occurring apolipoprotein A-l
stabilized lipid nanodiscs is not well-defined.®” To better control the size and homogeneity of
protein stabilized nanodisc, Sligar and coworkers designed and synthesized genetically engineered
apolipoprotein, also known as membrane scaffold proteins (MSP), using apolipoprotein A-1 as a
model template to produce lipid nanodisc.®??2 The rim of the lipid patch was encircled and
stabilized with two belts of helical proteins.®?! Before incorporating membrane proteins into MSP
stabilized lipid nanodisc, many research efforts have been devoted to optimize the protocol for
preparation of empty MSP stabilized nanodisc with well-defined size. Briefly, detergent-
solubilized phospholipids were mixed with MSP under optimized concentration and molar ratio,
and the self-assembly of MSP stabilized nanodiscs were initiated by gradual removal of detergent
using dialysis or hydrophobic adsorption (e.g. biobead) methods.2® The size homogeneity can be
controlled by optimizing the stoichiometry between phospholipid, MSP and lipid solubilizing
detergent.?® Based on the result from small angle x-ray scattering (SAXS) analysis, it was found

that the size of nanodisc can be controlled via tuning the sequence and chain length of MSP and



the diameter of resultant nanodiscs varied in the 10-17 nm range with different sequence-
engineered MSP.%3! The size-defined MSP nanodiscs can serve as a water-soluble platform for
membrane protein reconstitution and characterization. The target membrane proteins were first
extracted and pre-dissolved in optimized detergents before the addition of detergent-solubilized
lipids and MSP, and the nanodisc self-assembly protocol is the same as that for the empty MSP-
nanodiscs.

As MSP-stabilized nanodisc are colloidally stable in water with embedded membrane
proteins in their native lipid environment, a variety of molecular characterization and structure-
function studies of the target membrane proteins can be carried out using NMR,? surface plasmon
resonance (SPR),%% cryo-TEM,* MALDI-TOF-MS,?* etc. MSP-stabilized nanodiscs have been
demonstrated to successfully reconstitute various membrane proteins, such as SecYEG peptide
translocon complex,?>2® receptor tyrosine kinase Epidermal growth factor receptor (EGFR),%’
bacteriorhodopsin (bR),® G-protein coupled receptors,? cytochrome P450,2%% etc.

When compared to the traditional detergent method, the MSP-nanodisc method affords
better control over protein oligomeric state®**® with enhanced long-term structural stability.*
However, there remains some limitations in using MSP-nanodisc for membrane protein extraction:
1) MSP has strong UV absorption in the same region as membrane proteins which interfere with
the membrane protein characterization; 2) in reconstitution of membrane protein embedded MSP-
nanodiscs, the rate of detergent removal and nanodisc formation need to be carefully designed to
prevent the protein aggregation and denaturing, and the detergents used for protein solubilization
also need to be optimized due to the competition between protein-MSP, protein-detergent and

lipid-detergent, which varies with specific structures and compositions of target membrane



proteins.21%3 3) Moreover, the size of MSP-nanodiscs is generally small with diameter ~10 nm
which are not suitable for large size proteins or protein-protein complex.
1.5 Styrene-co-maleic acid (SMA) copolymer stabilized lipid nanodisc

Tonge et al. reported that styrene-maleic acid (SMA) amphiphilic copolymer can solubilize
lipid bilayer structures. In contrast to MSP-nanodiscs, SMA copolymers with styrene/maleic
acid(molar ratio = 2:1 and 3: 1) enable the detergent-free extraction of lipids and membrane
proteins from both natural and artificial phosphorous lipid bilayer at neutral pH.*® As shown in
Scheme 1.1, SMA is composed with hydrophobic styrene and hydrophilic carboxyl/carboxylate
([COOH]/[COO]) moieties. The hydrophobicity and solubility of the polymer was determined by
both molar ratio between the two monomeric units and the solution pH. The extent of de-
protonation of carboxyl groups at different pH strongly affects the solubility and conformation of
the polymer in polymer-lipid assembly.*! In most application cases, the pH used were adjusted in
the range between 7-8 and the polymer adopted random coil conformation with electrostatic

interactions dominating the polymer-lipid interactions.

lipid head groups

lipid acyl chains | SMA

lipid head groups "%

i |
i« »

38+2A

Figure 1.2. Structural dimensions of styrene—maleic acid/lipid particles (SMALPs)
determined from SANS analysis. SMALP is composed with DMPC lipids and SMA copolymer
with [Sty] : [MA] = 2 and MW = 9.5 kDa.*®



1.5.1 Structure and formation mechanism of SMA stabilized lipid particles (SMALP)

The structure of SMA-stabilized lipid particles (SMALP) has been determined using
dipalmitoylphosphatidylcholine (DMPC) vesicles as a lipid membrane model by small-angle
neutron scattering analysis as shown in Figure 1.2. The molecular weight of SMA is 9.5 kDa and
Sty/MA molar ratio is 2:1. The analysis results show SMALP are in discoidal shape with diameter
at ~ 10 nm and thickness at ~ 4.6 nm, which is the thickness of DMPC bilayer in fluid phase. The
thickness of the polymer belt was ~ 0.9 nm which is consistent with the thickness of one SMA
molecule. 43 Based on the result from NMR and FT-IR analysis, it was found the phenyl group
in SMA perpendicularly inserted between the lipid acyl chains and the COO" electrostatically
interacted with the phosphorous head group of the lipid. In differential scanning calorimetry (DSC)
analysis, the melting temperature of lipids decrease from 24 °C to 23°C with broader distribution
after the formation of SMALP, suggesting the conservation of lipid bilayer packing with minimal
perturbation in the presence of belted SMA.*3

1.5.2 MD simulation studies on SMA induced nanodisc formation

Detailed mechanism of early stage SMALP assembly is further investigated using SMA
periodic copolymers by coarse-grained (CG) molecular dynamics (MD) simulation.*®% Interaction
of lipid bilayers with periodic copolymers having repeating unit of [SSM] and [SSSM] with
varying molecular weight (MW) were investigated, and two lipid fragmentation pathways (i.e.
“water-pore formation” and “direct extraction” mechanisms) have been identified, which will be
discussed later in details.

Water-pore formation fragmentation mechanism: 1) As shown in Figure 1.3, before
binding to the lipid membrane, SMA copolymers adopted a disordered conformation in the

aqueous solution and SMA copolymers self-assembled into small clusters. Driven by the



hydrophobic interactions, the hydrophobic phenyl groups inserted between the acyl chain of the
lipid, and no detachment was observed afterwards indicating the strong hydrophobic interactions
between SMA polymer and lipid acyl chains. The rate and binding efficiency are affected by many
factors, e.g. salt concentration, electrostatic repulsion between COO™ in SMA and POy in
phosphorous lipid. The polymer binding efficiency was found to increase with higher salt
concentration and lower anionic lipid content in the lipid system. Upon binding to the lipid
membranes, the polymer clusters dissociated with polymer conformation becoming more extended,
as supported by the analysis of polymer’s radius of gyration (rg).

In this step, the lipid packing was more readily disrupted at or above gel-liquid phase
transition temperature, at which the gel-phase domains transferred into liquid-crystalline phase and
the lipid packing are less ordered and more likely to form structural packing defects.*® The packing
of lipids with short acyl chains are more readily perturbed due to the lack of extensive hydrophobic

interactions relative to lipids with long acyl chains. High saturated lipids were more readily

(1) water-pore formation mechanism

(1) polymer clusters in aqueous disaggregated (2) fully insertion of polymers resulted in lipid
upon contact with lipid membranes
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(4) solubilized lipid fragments re-assembled (3) membrane completely solubilized with the

into polymer belted lipid nanodiscs growth of water-filled pores

Figure 1.3. Water-pore formation mechanism of lipid membrane fragmentation using SMA
copolymers based on MD simulation study.



solubilized in the presence of SMA polymers relative to the unsaturated lipids, which is attributed
to the unsaturated double bonds having more lateral pressure along the acyl-chain inhibiting the
polymer insertion.*®® Therefore, it was also concluded that lipids with saturated and short acyl
chains allow for greater extent of polymer insertion.

2) After the fully insertion of SMA copolymers into lipid membranes, transmembrane
pores were formed with penetration of water molecules into the lipid. The water pore rim was
stabilized with SMA copolymers by intercalating the hydrophobic phenyl group among the lipid
acyl chains and orienting the hydrophilic COO™ towards water pore.

3) The final formation of nanodiscs was not observed due to the size limitation of the
simulation box. It was proposed that the further growth of the transmembrane water-filled pores
drives the eventual membrane disruption and induces the formation of SMA-stabilized discoidal
lipid nanodisc.

Direct extraction mechanism: SMA periodic copolymers with higher hydrophobicity
(e.g. [SSSM]13, MW = 1.5 kDa) was found to fragment lipids bilayers by a direct extraction
mechanism, as shown in Figure 1.4.

1) Different from the previous water-pore formation mechanism, the polymer clusters
formed in aqueous solution do not disassociate upon interacting with the lipid surface. The higher
hydrophobicity of the polymers enables a greater extent of local contacts between polymers and
lipids, resulting in a local lipid binding and membrane deformation.

2) Next, the polymer clusters can directly sequester lipid protrusion from the lipid
membranes, which was stabilized by a single layer of SMA copolymer.

3) The extracted lipid patch was re-organized into SMA copolymer belted lipid nanodisc.



(I1) direct extraction mechanism

(1) polymer clusters absorbed to the lipid (2) high polymer/lipid local hydrophobic contacts

membrane resulted in the deformation of lipid membrane
+ SMA copolymer

— SMA backbone
== phenyl groups on sidechains
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(4) Lipid protrusion re-arranged into polymer (3) lipid protrusions were extracted from the membrane
belted lipid nanodiscs and stabilized by a single layer of polymers

Figure 1.4. Direct extraction mechanism of lipid membrane fragmentation using SMA
copolymers based on MD simulation study.

From MD simulation study, it was observed that the molecular weight (MW) and
hydrophobicity of polymers affect the type of fragmentation mechanism and the fragmentation
efficiency. To study the effect of molecular weight on lipid fragmentation and nanodisc formation,
periodic polymers with identical hydrophobicity (Sty/MA ratio = 3:1) and varying molecular
weight, [SSSM]1zand [SSSM]3, were compared. It was observed that both [SSSM]13and [SSSM]3
fragment the lipid bilayers by the direct extraction mechanism. The stability of extracted lipid
protrusion varies with the MW of polymer. Lipid protrusion wrapped with longer polymer
([SSSM]13) are stable over time, allowing the lipid and polymer in the assemblies to re-organize
into polymer belted lipid nanodisc. By contrast, the lipid protrusion with shorter polymer ([SSSM]3)
was found to form transiently and eventually merge back into the original lipid membranes with
short polymer evenly distributed at the surface of the membrane. This indicates short-chain

polymer has limited capacity in stabilizing lipid patches relative to long-chain polymer.
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To investigate the effect of polymer hydrophobicity on lipid fragmentation, periodic
polymers with similar molecular weight but varying hydrophobicity ([SSSM].z with MW = 1.5
kDa and [Sty]/[MA] = 3, [SSM]17 with MW = 1.8 kDa and [Sty]/[MA] =2) were investigated. It
was observed that due to the high local concentration of the hydrophobic groups, polymer with
higher hydrophobicity ([SSSM]13) adopt the direct extraction mechanism with faster lipid
fragmentation, whereas the polymer with lower hydrophobicity ([SSM]17) adopted the water pore
formation with slower lipid fragmentation, and the final lipid solubilization to form nanodiscs was
not observed within the similar simulation time scale.

Lipid to polymer number ratio (lipid/polymer) also affect the nanodisc formation. For
example, with lipid/polymer molar ratio = 150, the resultant lipid nanodiscs are surrounded with
one single SMA polymer belt from both MD simulation and SANS analysis. However, with
lipid/polymer = 75:1 and 75:2, each nanodisc has multiple belting SMA copolymers, suggesting
that the belting SMA polymer number in each SMALP can vary with different lipid/polymer
ratio.58°

Overall, it was concluded that the polymer hydrophobicity (mainly determined by Sty/MA
ratio), chain length, monomer sequence as well as polymer concentration are all critical factors for
effectively inducing the formation of stable SMALP.

It has been demonstrated that a wide variety of biological membranes can be fragmented
into SMA stabilized lipid nanodiscs and a number of membrane proteins ranging from single
membrane spanning a-helix to oligomeric complexes with 36 transmembrane helices have been
directly extracted from native cell membranes (e.g. bacteria,>>°25455 %6 yeast 58 cultures of insect,
human cells,>-8 etc.) using SMA polymer without detergent.>>* The size of nanodisc was

analyzed using electron microscopy,*%° % dynamic light scattering,>*¢%% small angle neutron
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scattering (SANS),*® and size exclusion chromatography.*® A variety of protein structures were
resolved using SMALP, e.g. bacteriorhodopsins,>*%%®1 G-protein-coupled receptors,>®?
neucleoside transporter hENT1,%® light-harvesting complex 11,%! potassium channels,>>% ABC-
transporters.>’:%4

1.5.3 Advantages of SMALPs over detergent micelles and MSP-nanodisc in membrane
protein isolation application

Relative to detergent-solubilized membrane protein micelles, SMALP provide a better
mimetic of native lipid environment of target membrane proteins, which is beneficial to maintain
its native structures and biological function. Secondly, it has been reported that the stability of
membrane proteins is enhanced when stabilized in SMALP relative to in detergent micelles.3®

The advantages of SMALP over MSP-nanodisc are: 1) the preparation of SMALP is more
cost effective and less complex relative to that of MSP-nanodisc, as no detergent required for
membrane protein reconstitution in the former, which ensure the preservation of the local lipid
environment for the target membrane proteins. 2) The size of SMALP can be readily modulated
by tuning the initial feeding ratio between the two monomers,®” polymer to lipid ratio,®® 66 as
well as the monomer sequence in the polymer by using different synthetic methods,®® which is
critical in solubilizing membrane proteins with larger sizes.

Besides the advantages mentioned above, the limitation of SMALP include: 1) SMA
polymer has strong UV absorption which can interfere with the signal of membrane proteins,
adding complication to certain spectroscopic characterization of the MPs (e.g., CD spectroscopy).
2) The stability and solubility of SMA copolymer in water is highly sensitive to pH and the
concentration of divalent metals. One example is SMA polymer precipitated from the solution with
Mg?* concentration abovel0 mM at pH < 6,% and the poor stability at high divalent cations render

the incompatibility with many metal cation dependent protein assays.3% 4"
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1.6 SMA derivatives stabilized lipid nanodisc

SMA-derivative polymers have been developed to enhance the stability of SMA over pH
and divalent metal ions. Ramamoorthy and coworkers developed pH resistant SMA derived
copolymer by functionalizing SMA moieties with ethanolamine (SMA-EA)’® quaternary
ammonium (SMA-QA).”* The sizes of both SMA-EA and SMA-QA stabilized nanodiscs can be
controlled by tuning the polymer to lipid ratio, whereas the size distribution of SMA-QA nanodiscs
is narrower as compared to SMA-EA nanodiscs at the same lipid to polymer ratio, indicating that
the charge content in the polymer plays a role in the polymer lipid interaction and self-assembly.
Furthermore, SMA-QA resulted in the formation of nanodiscs in the pH at 2-10 with good stability
in the presence of divalent metal ions at concentration up to 200 mM. Another recent study on
SMA derivative polymer where maleic anhydride units are functionalized with varying
nucleophiles, e.g.  aminoethanol, N,N-dimethylethylenediamine, etc. The introduction of
nucleophiles can induce more stable nanodisc in the presence of bivalent Mg?* cations with
concentration up to 100 mM relative to 20-40 mM for SMA before modification. The resultant
nanodisc also exhibit good stability over a broader pH range (pH = 3-9) relative to SMA."

The nature of the charge group of SMA derivatives is also important in the application of
membrane protein reconstitution due to the electrostatic interactions between polymer and target
proteins. For example, cytochrome P450 (CytP450) is a positively charged membrane protein at
neutral pH which can be successfully extracted using positively charged polymer SMA-QA
yielding stable CytP450 encased nanodiscs. By contrast, the protein reconstitution into nanodiscs
was unsuccessful using a negatively charged SMA-EA under same incubation conditions due to
the strong electrostatic interactions between the negatively charged polymer and positively

charged protein resulting in the formation of ill-defined polymer-protein aggregates.” To resolve
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this problem, the salt concentrations in the buffer for membrane protein extraction need to be
carefully optimized to screen the unfavorable electronic interactions between the charged polymer
and membrane proteins.

1.7 Styrene-free copolymer based lipid nanodisc

Even though the polymer tolerance to a broader pH range and higher divalent metal cations
can be achieved by SMA functionalization, the SMA derivatives still have strong UV absorbance
which interfere with certain spectroscopic characterization of membrane proteins and pose
challenges to quantify the amount of the embedded membrane protein in each nanodisc. The
challenges were addressed by replacing lipid nanodisc scaffold with styrene-free polymers.
Alternating copolymer of maleic acid and diissobutylene (DIBMA) with molecular weight ~ 8.4
kDa has been demonstrated to induce the formation of DIBMA stabilized lipid nanodisc
(DIBMALP) and enable the isolation of membrane proteins with varying sizes from native
membranes.”” DIBMALP also shows much higher tolerance to Ca®* relative to SMALP which is
very critical for Ca** mediated phospholipase activation,’”® and the absence of UV-absorbing
moieties in polymer enable the characterization of membrane protein conformation and stability
using CD spectroscopy.

A random copolymer of butyl methacrylate and cationic methacroylcholine chloride with
varying molecular weight and compositions have been designed and synthesized using free radical
polymerization method.’”® The hydrophobic fraction (f) of the polymer was defined as the molar
ratio between hydrophobic butyl methacrylate over hydrophilic cationic methacroylcholine
chloride segment, which can be controlled by varying the initial feeding ratio of the two monomers.
The effect of polymer molecular weight (MW) on nanodisc formation was investigated by

comparing polymers with comparable hydrophobic fraction (f) but varying MW. Polymers with
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MW lower than 3 kDa can’t effectively induce nanodisc formation, which is attributed to inability
of the low MW polymers to cover ~ 3 nm thickness of the DMPC lipid bilayer. Next, the effect of
polymer hydrophobicity (f) on nanodisc formation was analyzed using polymers with similar MW
but varying hydrophobicity to optimize the hydrophobicity required for effective nanodisc
formation. Polymers with hydrophobicity (f) in the 0.4-0.6 range were found to induce the
formation of stable polymer bounded nanodiscs. Thus, it was concluded that the hydrophobicity
and molecular weight are both critical in the design of nanodisc-inducing polymers. Furthermore,
the optimized copolymers were successfully used to fragment the intact E. coli cell membranes
into polymer bounded lipid nanodiscs without the assistance of detergents.”

Another styrene-free nanodisc-forming polymer, alkyl polyacrylic acid copolymers
(APAA), has been designed and synthesized by functionalizing polyacrylic acid polymers with
varying alkyl side chains (e.g. butyl, pentyl, and hexyl).”® At pH > 6.5, all the polymers with
varying side chains can solubilize the liposomes. The polymer with the longest side chain, hexyl
substituted PAA, was shown to extract membrane proteins from E Coli. membranes with the
highest yield that is comparable with that obtained using SMA (3:1) copolymer.

1.8 Amphiphilic polypeptoid copolymers for lipid membrane fragmentation

For all the nanodisc forming polymers discussed before, due to the high hydrophobicity of
the polymer backbone, the compositional range to form colloidal stable polymer is very limited.
There is a clear need to develop more water-soluble nanodisc-forming amphiphilic polymers.
Polypeptoid, a structurally mimic of a-polypeptide, is a facially amphiphilic polymer with polar
polyamide backbone and N-substitution with tunable hydrophilicity-lipophilicity balance (HLB).
The highly polar polymer backbones can enhance the polymer solubility in aqueous solution with

a broader compositional range relative to the traditional nanodisc forming vinyl polymers. In
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addition, without extensive hydrogen bonding along the backbone, polypeptoid backbone is more
flexible and the polymer conformation can be readily tuned with N-substituents via initial
monomer design, relative to other facially amphiphilic detergent (e.g. steroid based amphiphiles,
short peptides). The synthetic methods for well-defined polypeptoids with a range of N-substituent
structures have been well established. Previous studies by Zuckermann and co-workers have
shown that polypeptoids with optimized sequence and sidechain structures can adopt an extended
conformation at oil/water interfaces.®°! It is hypothesized that poly[(N-methoxyethyl glycine)-r-
(N-decyl glycine)] copolypeptoids (a.k.a. hydrophobically modified polypeptoid (HMPs)) may
adopt the extended polymer conformation with enhanced polymer facial amphiphilicity, thus favor
the formation of polymer belted lipid nanodisc analogously to the twisted a-helical membrane
scaffold protein (MSP). Recently Zhang et al. reported HMPs can fragment synthetic liposomes
and assemble into nanoscale polymer-lipid complexes,® but the detailed relationship between the
molecular characteristics of HMP and polymer-liposome interactions have not been systematically
investigated. In this work, a series of HMP copolymers with varying molecular weight and
hydrophobicity were designed and synthesized to investigate their effects on liposome
fragmentation. The polymer induced lipid fragmentation was fully characterized using SLS/DLS,
cryo-TEM, and negative stained TEM. The newly developed polypeptoid stabilized lipid complex
is a promising platform for membrane protein isolation and protein structural and functional
studies.
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CHAPTER 2. FRAGMENTATION OF LIPOSOMES BY
HYDROPHOBICALLY-MODIFIED POLYPEPTOIDS: ELUCIDATING
THE ROLE OF MOLECULAR CHARACTERISTICS

2.1 Experimental

2.1.1 General considerations

All the chemicals and solvents were purchased from Sigma Aldrich and used as received
unless otherwise noted. The solvents used for polymerization were further purified by using
alumina columns under argon protection. CD»Cl> and CDCls were purchased from Cambridge
Isotope laboratories. L-a-Phosphatidylcholine (PC) and liposome extrusion setup were purchased
from Avanti Polar Lipids. Polycarbonate membranes and membrane filter support were purchased
from EMD Millipore. Deionized water used for DLS and SLS was further purified by Nanopure
Bioresearch water purification system with a resistance of 17.8-17.9 MQ-cm from Barnstead Lab
Water Products. *H NMR was collected by Bruker AV-400 111 spectrometer at 298K and analyzed
using Topspin software. Chemical shifts (8) given in parts per million (ppm) were referenced to
protio impurities.

2.1.2 Synthesis and characterization of N-substituted N-carboxyanhydride (R-NCA)
monomers and HMP copolypeptoids

N-decyl glycine derived N-carboxyanhydride (De-NCA) and N-methoxyethyl glycine
derived N-carboxyanhydride (MeOEt-NCA) monomers were synthesized by published
procedure.®’ *H NMR spectra of these monomers were shown in Figure 2.1 and Figure 2.2.

HMP random copolypeptoids were synthesized by primary amine-initiated ring-opening
polymerization (ROP) of MeOEt-NCA and De-NCA monomers as shown in Scheme 2.1.

A representative procedure for synthesizing PNMeOEtG7s-r-PNDG2s is shown as followed.

In the glovebox, stock solutions of MeOEt-NCA (M3, 640 mg, [M1]o = 0.4 M) and De-NCA (M2,
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Scheme 2.1. Synthesis of PNMeOEtx-r-PNDGy random copolypeptoids

-(x+y)CO,

27




968 mg, [M2]o = 0.4 M) monomers in anhydrous THF were prepared respectively in 10 ml
volumetric flasks. Benzyl amine stock solution (lo, 55 mg, [lJo= 0.102 M) in anhydrous THF was
prepared using a 5 ml volumetric flask. 2812 pl My (0.18 g, 1.13 mmol, [M1]o = 0.4 M) and 939
pl M2 (0.09 g, 0.39 mmol, [M2]o = 0.4) stock solutions were fully mixed prior to the addition of
initiator stock solution lo (148 pl, 0.015 mmol, [M1+Mz2]o: [lIJo = 100). Polymerization mixture was
stirred at 50 °C under nitrogen atmosphere for 96 h to reach complete conversion (Note:
polymerization time varied depending on different [Mi]o:[M2]o and [Mi+Mz]o:[1]o). The
polymerization conversion was tracked by monitoring the disappearance of -C=0 peak at 1780
cm* and 1740 cm™ in the reaction aliquots taken over time using FT-IR spectroscopy. The volatiles
were removed under vacuum using Schlenk line. The crude polymer was further purified by re-
dissolved in DCM and precipitated with ample hexanes twice. The polymer was isolated by
centrifugation and dried under vacuum to yield a white powder (0.19 g, 93 %). *H NMR spectrum
of PNMeOEtG73-r-PNDG2; is shown in Figure 2.3, and *H NMR spectra for other HMP
copolymers were shown in Figure S2.1-S2.5. *H NMR spectra of PNMeOEtG73-r-PNDG27
(CD2Cly, 400 MHz) & (ppm): 7.23-7.18 (M, CeHs-, 5H), 4.34-4.02 (m, -COCH>-), 3.40-3.19 (m, -
CH2CH20CH3s, -NCH2- (NDG)), 1.50-1.36 (m, -NCH2 CH2-, NDG), 1.18 (m, -NCH2 CH2 (CH2)s
CH.-, NDG), 0.81 (t, -CHs, NDG). The polymer compositions were determined by end-group
analysis. The number-averaged degree of polymerization (DP,) for PNDG segment (y in Scheme
2.1) was determined by integrating the methyl protons of PNDG segment centered at 0.81 ppm (p,
Figure 2.3) relative to the phenyl protons of the benzyl amine end-group at 7.23-7.18 ppm (r,
Figure 2.3). The DP, for PNMeOEtG segment (x in Scheme 2.1) was determined from the
integration of -COCH.- backbone methylene protons for x + y at 4.34- 4.02 ppm (b, f in Figure

2.3) subtracted by the integration of methyl protons at 0.81 ppm for y. More specifically, if the
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Figure 2.3. Representative *H NMR spectrum of PNMeOEGt73-r-PNDG2; (100-0.27) random
copolypeptoid in CD2Cl>.

integration of end phenyl protons (CeHs-) were set as 5, DP,, (y) = integration of CH3(p)/3; DPn (X)
= (integration of ®-COCH,- 2 x y)/2, where p refers to the end methyl group in PNDG segment,
and b f refer to the methylene groups of -COCH2 on polymer backbones. The molecular
characteristics of HMP copolypeptoids were summarized and listed in Table 2.1.

2.1.3 Size-exclusion chromatography

SEC experiments were performed in DMF with 0.1 M LiBr at 25 °C with a flow rate of 0.5
ml/min. HMP polymerization solution (0.1 ml) was mixed with a DMF solution (0.6 ml)
containing LiBr (0.1M) and left to stand overnight. The polymer solutions were filtered with 0.45
pm PTFE filters before injecting into the SEC system. SEC analysis of the hydrophobically
modified polypeptoids was performed using an Agilent 1200 system equipped with three
Phenomenex 5 pm, 300 x 7.8 mm columns, a Wyatt DAWN EOS multiangle light scattering
(MALS) detector (GaAs 30mW laser at A = 690 nm) and Wyatt OptilabrEX differential refractive

index (DRI) detector. The data analysis was performed using Wyatt Astra V 5.3 software. The
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PDI were obtained using polystyrene standards. The results of SEC analysis for varying HMPs

were shown in Figure 2.4 and the size information were summarized in Table 2.1.
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Figure 2.4. SEC-DRI chromatograms of HMP copolypeptoids in DMF with 0.1 M LiBr at 25°C.

Table 2.1. Molecular parameters of PNMeOEtGx-r-PNDGy (HMP) copolypeptoids.

Entry # | Sample Name Polymer Composition Mn PDI" PNDG
(DPr-PNDG%) (kDa)* molar % &
1 34-0.29 PNMeOEt24-PNDGio 4.7 1.13 29
2 60-0.25 PNMeOEtss5-PNDGis 8.1 1.14 25
3 74-0.27 PNMeOEtss-PNDG2o 10.2 1.36 27
4 100-0.27 PNMeOEtz3-PNDG27 13.7 1.13 27
5 96-0.16 PNMeOEtsi- PNDG1s 12.3 1.07 16
6 99-0.00 PNMeOEtgy 114 1.07 0

2 Sample composition and molecular weight (M»?) were determined by *H NMR spectroscopy.
DP,, signifies the number average degree of polymerization determined by end group analysis;
PNDG% refers to the molar percentage of PNDG segment in HMP copolypeptoids;
Polydispersity (PDI) was determined using SEC in DMF with 0.1 M LiBr at 25°C with a flow rate
of 0.5 ml/min.

30



2.1.4 Liposome preparation

PC lipids (20 mg) were dissolved in a mixture of chloroform and methanol (5 ml, viv =
2:1) and gently swirled till the lipid was fully dissolved. The sample was then mixed using rotovap
at 25 °C for 10 min with rotation rate at 120 rpm before turning on vacuum at 150 mbar for 3 h to
slowly remove the volatile. The vacuum was then increased up to 80 mbar for another 1 h to
completely remove all the volatiles, yielding a transparent thin film coated inside of the flask.
Nano-pure water (5 ml) was added to hydrate the thin film at 50 °C for 2 h with rotation rate at 80
rpm. The hydration solution was extruded at 50°C for 20 times with polycarbonate membrane
(pore size = 0.1 um) to afford translucent liposome solutions with a 5 mg/ml concentration. An
aliquot of extruded liposome solution was taken and diluted by 40 times to perform DLS
measurement. The DLS exponential decay curve was fitted using maximum entropy method
(MEM) analysis to obtain the information of hydrodynamic radius (rn) and size homogeneity of
liposomes.!

2.1.5 Liposome stability test

The effect of agitation on liposome size stability was assessed by measuring the liposome
size change with or without agitation over 3 days. First, the freshly extruded 5 mg/ml liposome
aqueous solution was diluted into 1.25 mg/ml which is the liposome concentration used for further
studying the polymer induced liposome fragmentation in section 2.2.4 and 2.2.5. Liposome size
was measured by DLS at 25 °C and the exponential decay curve G(t) was analyzed using MEM
analysis method to obtain the average hydrodynamic radius (Rn). The liposome solution was then
incubated at 25 °C for 3 days with magnetic stirring rate at 150 rpm. The Rn was re-analyzed using
DLS. For comparison, same experiment was also conducted to monitor the change of liposome

size for 3 days without agitation.
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2.1.6 Polymer aqueous solution preparation

A representative procedure for the preparation of 100-0.27 HMP polymer aqueous solution
(100 signifies the DP, of the polymer, and 0.27 refers to the molar percentage of the PNDG
hydrophobic segment over the entire polymer) at a 5 mg/ml concentration is shown as followed.
In a clean scintillation vial, 100-0.27 polymer powder (10 mg) was dissolved in dichloromethane
(DCM, ~1 ml) for overnight without agitation. The solution was dried by blowing nitrogen over it
to form a transparent polymer thin film, which was hydrated with nano-pure water (2 ml). The
resultant solution was then stirred at 25°C overnight with a stirring rate at 350 rpm, yielding a
visually clear polymer solution. The polymer solution was passed through a polyethersulfone (PES)
syringe filter (pore size = 0.45 um) prior to DLS measurement. All the vials, spatulas and stirring
bars used were pre-cleaned with nano-pure water and air-dried before using.

2.1.7 Polymer and liposome complex preparation

A representative procedure for the preparation of 100-0.27 polymer and liposome complex
(100-0.27+lip) is given as followed. A known volume of 100-0.27 polymer solution (5 mg/ml)
was first filtered through a PES filter (pore size = 0.45 um) and then added into a freshly extruded
liposome aqueous solution (2.5 mg/ml, liposome hydrodynamic diameter = ~ 0.1 um) in equal
volume (v/v = 1:1). The solution was gently mixed 10 times with a plastic pipette and further
stirred at 25°C with a stirring rate at 150 rpm over a period of 3 days. An aliquot of the above
solution (0.2 ml) was taken at a controlled time points and diluted 10 times with nano-pure water
prior to DLS measurement.

2.1.8 Sample preparation for cryo-TEM and negative stained TEM analyses

Cryo-TEM imaging was conducted using a FEI G2 F30 Tecnai TEM operated at 200 kV.

The 5 mg/ml HMP and 2.5 mg/ml liposome aqueous solutions prepared using the method
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described in section 2.1.4 and 2.1.6 were mixed in equal volume (v/v = 1:1) and incubated at 25°C
for overnight before imaging. 5 ul of the sample solution was transferred to a 200-mesh lacey
carbon coated copper grid (Electron Microscopy Sciences) mounted on the FEI Vitrobot and
blotted for 2 s to generate a sample thin film before plunging into liquid ethane.

The morphology of HMP and liposome complex (HMP+lip) was also analyzed using
negative stained TEM. The 200 mesh carbon coated copper grid was pre-treated with a glow-
discharger (LEICA EM ACE 600) for 30s to yield a negatively charged hydrophilic surface.
Sample solution (5 pl) was placed on the grid and left for about 5 min before blotted with a filter
paper to remove excess solution. 2 wt % uranyl acetate (5 pl) aqueous solution was subsequently
added on the grid and left for 20 s before botted using a filter paper.

2.1.9 Sample preparation for dynamic light scattering and static light scattering analyses

DLS and SLS measurements were performed on Wyatt DAWN HELEOS-II instrument
with a laser wavelength of 658 nm at 25 °C. The polymer solution was passed through a
polyethersulfone (PES) syringe filter (pore size = 0.45 um) into pre-cleaned scintillation vial, and
the sample vial was equilibrium at 25 °C for 5 min before each measurement. The collection time
for each sample is 5 min with collection interval of 5 s and 2 s for DLS and SLS measurements
respectively.

2.1.10 Maximum entropy method (MEM)

The correlation function obtained from DLS measurement was fitted using maximum
entropy method (MEM) to obtain the size and distribution information of hydrodynamic radius
(Rn). A decay time distribution can be generated using MEM analysis which was performed using
the Clementine (v1.2) package in lgor Pro (v 6.37) software. The hydrodynamic radius (Rn) can

be calculated using the Stokes-Einstein equation (eq. 2.2), where k is Boltzmann's constant, T is
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absolute temperature, 1 is the solvent viscosity and D is the diffusion constant which can be
calculated using equation 2.3. In equation 2.3, q is the scattering vector which is calculated using
equation 2.4, where ng is the solvent refraction index, Ao is the vacuum wavelength of the incident
light, and 0 is the scattering angle, I is the decay rate which can be obtained from the correlation
function in DLS measurement (eq. 2.1). Ry distribution curve can be further fitted with a lognormal
distribution function in Origin software to obtain the average Rn.

G, (t) =exp Tt (eqg.2.1)

kT

Rh = @ (eq 22)
D = % (eq. 2. 3)

41Ny

q=" xsin(2)  (eq. 2.4)

2.2 Results and discussion

2.2.1 Liposome stability with or without agitation

The change of normalized exponential decay G(t) of liposomes over 3 days with (c) or
without (a) agitation were shown in Figure 2.5 (a) and (c) and analyzed by the maximum entropy
method (MEM) to obtain the corresponding mean hydrodynamic radius (Rn) and distributions in
Figure 2.5 (b) and (d). Over a course period of 3 days, a minor reduction of hydrodynamic radius
by ~ 8 nm with a narrow distribution was observed without agitation (Figure 2.5 b). By contrast,
a relatively large increase of hydrodynamic radius by ~ 26 nm and a broader size distribution were
observed under agitation (Figure 2.5 d). This clearly indicates that agitation of the solution under
a stirring rate of 150 rpm can increase the size and heterogeneity of liposomes. The bright field
cryo-TEM images and negative stained TEM images of freshly prepared liposomes were shown

in Figure 2.6 (a)-(b) and (c)-(d), respectively.
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Figure 2.5. Change of normalized exponential decay curves G(t) and hydrodynamic radius
distribution for liposomes with (c, d) or without stirring (a, b) for 3 days. Rn indicated
hydrodynamic radius at designated measurement time point.

Figure 2.6. (a)-(b) Cryo-TEM and (c)-(d) negative stained TEM images of freshly prepared
liposome.

2.2.2 Polymer concentration effect on polymer induced liposome fragmentation

HMP sample 100-0.27 was selected to investigate the impact of polymer concentration on

polymer induced liposome fragmentation. First, a 100-0.27 polymer aqueous solution (5 mg/ml)
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Figure 2.7. Results of SLS and DLS studies on the size of 100-0.27 and liposome complex (100-
0.27+lip) with varying polymer concentrations. Figure (a) shows the total scattered light intensity
versus polymer concentration measured by SLS after 2 days, and figure (b) displays the
normalized DLS decay curves of 100-0.27 after 48 h.

was prepared using the DCM thin film hydration method as described in section 2.1.6. The polymer
solution was sequentially diluted into 2.5, 1.3, 0.6 and 0.3 mg/ml concentrations. These polymer
solutions with varying polymer concentrations were each mixed with a freshly prepared liposome
solution (2.5 mg/ml) in equal volume (v/v = 1:1). The resultant polymer and liposome mixtures
(100-0.27+lip) were allowed to stand at 25°C for 2 days. The addition of HMP polymers into
liposome solutions resulted in a gradual reduction of solution turbidity, which is presumably
associated with the liposome fragmentation. This can be characterized by monitoring the change
of total light scattering intensity versus time using static light scattering (SLS). After incubating
the polymer and liposome mixtures for 48 h, the final photon count rate (I in Hz), which
corresponds to the total scattered light intensity per unit time, was plotted versus final polymer
concentrations in Figure 2.7(a). The initial count rates (lo) for all the samples remained in a range
of 1.8 x10” ~ 2.0 x10” Hz and the final count rates (lssn) steadily decreased with increasing polymer
concentrations as shown in Figure 2.7 (a). This indicates that the higher polymer concentration can
more effectively induce liposome fragmentation. The final size of 100-0.27+lip with varying

polymer concentrations were characterized using DLS, as shown in Figure 2.7 (b). By comparison
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of normalized G(t) over 48 h at different polymer concentrations, it was found that G(t) at high
polymer concentration (Cpolymer = 2.5 mg/ml) afforded a notable shift toward low decay time range
relative to those with low polymer concentrations (Cpolymer = 1.3 - 0.3 mg/ml), indicating an
enhanced fragmentation of liposomes at higher polymer concentration (Cpolymer = 2.5 mg/ml) which
is consistent with the observation from SLS study. DLS G(t) curves were fitted and analyzed using
MEM (Figure 2.8). In all samples, two size populations with varying relative abundance were
observed. The population appeared at the longer decay time is attributed to the liposomes or larger
reconstructed liposomes by HMP. The population at shorter decay time is attributed to the
fragmented liposomal pieces. It is clear that high polymer concentration (Cpolymer = 2.5 mg/ml) is
most effectively in inducing the liposome fragmentation, evidenced by the significantly enhanced
intensity of the population at short decay time relative to that at long decay time. Based on the
SLS and DLS results, 2.5 mg/ml is used as a standard polymer concentration for further study on

the polymer induced liposome fragmentation with other HMP polymers.
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Figure 2.8. DLS decay time distribution with G(t) for 100-0.27+lip with varying polymer
concentrations (Cpolymer = 0.3-2.5 mg/ml) after incubating for 2 days. Size distribution was analyzed
using MEM analysis method.
2.2.3 Analysis of HMP polymer size in aqueous solution

Before studying the impact of polymer molecular characteristics (e.g. molecular weight,
hydrophobicity, etc.) on polymer induced liposome fragmentation, polymer solubility was first

studied using DLS for series of HMP polymers with 27 = 2 molar % of PNDG segment (HMP-
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0.27) having varying molecular weights with DP, = 34-100. All the polymers aqueous solutions
were prepared using DCM thin film hydration method with a 5 mg/ml polymer concentration.
Figure S2.6 shows the normalized DLS G(t) for HMP-0.27 polymers with varying molecular
weights. The size distributions obtained by fitting the G(t) using MEM are shown in Figure S2.7.
Two size populations were observed for all the samples, indicating that the polymers were not
individually dissolved under current sample preparation condition. The population at short decay
time was attributed to individually dissolved polymers and the population at the longer decay time
was considered as polymer aggregates formed in aqueous solution. The morphologies of selected
HMP polymers (100-0.27 and 34-0.29) were analyzed using cryo-TEM in Figure S2.8. The size
and homogeneity information of varying HMP copolymers in agueous solutions were summarized
in Table S2.1.

2.2.4 Effect of chain length on liposome fragmentation

To assess the effect of the chain length of HMP on polymer induced liposome
fragmentation, a series of HMP polymers (HMP-0.27) having a constant ~ 27 £ 2 % molar
percentage of hydrophobic segment but varying chain length (DP, = 100, 60, 34) were investigated.
Polymer aqueous solutions (5 mg/ml) were prepared using DCM thin film hydration method as
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Figure 2.9. (a)-(c) Change of normalized G(t) over 3 days after mixing 5 mg/ml HMP-0.27
polymers with 2.5 mg/ml liposomes (v/v = 1:1); (d) Normalized G(t) for HMP-0.27 and liposome
complexes (HMP-0.27+lip) after incubating for 72 h.
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described in section 2.1.6. The polymer aqueous solutions were filtered through PES syringe filters
(pore size = 0.45 um) followed by the addition of freshly extruded liposome solutions (2.5 mg/ml)
in equal volume (v/v = 1:1) and gentle mixing using a pipette. Liposome fragmentation and size
change was investigated by taking aliquot of the solution samples for DLS and SLS over a period
of 3 days. Normalized G(t) at different incubation time points for selected liposome and HMP-
0.27 mixtures (HMP-0.27+lip) were shown in Figure 2.9 (a) - (c). G(t) with longest polymer (DPy
= 100) exhibited a pronounced shift towards low decay time after incubation for 24 h relative to
the shorter polymers with DP, = 60 and 34, suggesting that long polymer is more effective in
inducing liposomes fragmentation. MEM analysis of G(t) (Figure 2. 10 (a)-(c) revealed two size
populations for all the samples. The population at low decay time was attributed to the fragmented
liposome pieces in the presence of HMP polymer, and the population at higher decay time was
presumed to be either residual liposomes or large structural assemblies of liposomes and polymers.
Importantly, as the HMP chain length become longer, the intensity of the small size population
relative that of the large size population increases accordingly, suggesting that HMPs with longer
chain length is more effective in inducing liposome fragmentation relative to the shorter ones.
Total static light scattering (SLS) intensity of HMP-0.27 polymer and liposome mixtures

(HMP-0.27+lip) versus time was plotted in Figure 2.10 (d). In comparison of the total light

DP,

low — —————— high

(a) 34-0.29 + Lip 3 days (b) 60-0.25+ Lip 3 days (c) 100-0.27 + Lip 3 days (d) SLS analysis

100-0 27+kip

Figure 2.10. (a)-(c) Normalized G(t) with decay time distributions and (d) static light scattering
(SLS) intensity change over 3 days for HMP-0.27 polymer and liposome complex (HMP-0.27+
lip) in water. DP, of HMP-0.27 varies in the range of 34 - 100. The size distribution was analyzed
using MEM analysis method.
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Figure 2.11. Change of G(t) after mixing 2.5 mg/ml liposome aqueous solutions with (a) 5 mg/ml,
(b) 10 mg/ml and (c) 15 mg/ml 34-0.29 (v/v = 1:1); (c) Normalized G(t) for 34-0.29 and liposome
complexes (34-0.29+lip) after incubating for 72 h.

intensities over 3 days, it was found that as molecular weight increasing from DP, = 34 to 100, the
final intensity decreased accordingly. SLS analysis result further supported that the efficiency of
polymer-induced liposome fragmentation was strongly dependent on polymer molecular weight
with long polymer (100-0.27) induced faster and greater extent of liposome fragmentation relative
to short ones (60-0.25 and 34-0.29). The size and homogeneity information of HMP and lipid
complexes were summarized in Table S2.2.

Since short polymer (34-0.29) was limited in inducing liposome fragmentation, higher
polymer concentration was applied to enhance liposome fragmentation. 34-0.29 polymer aqueous
solutions at concentration of 5 mg/ml, 10 mg/ml and 15 mg/ml were studied. All the polymer
aqueous solutions were prepared using DCM thin film hydration method and stirred overnight
before adding a constant volume of freshly prepared liposome solution (2.5 mg/ml). The final
polymer concentrations are 2.5 mg/ml, 5.0 mg/ml and 7.5 mg/ml respectively. A liposome control
group with same liposome concentration as other samples were also set for comparison. DLS G(t)
was monitored every 24 h over a period of 3 days and plot of G(t) versus decay time was shown
in Figure 2.11. G(t) after 3 days are comparable for the three samples (Figure 2.11 d). Based on
MEM analysis of G(t) over 3 days in Figure 2.12, it was found that the intensity at lower decay

time increase with polymer concentration from 2.5 mg/ml to 7.5 mg/ml indicating effective
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Figure 2.12. DLS decay time distributions for 34-0.29+lip with final polymer concentrations at (a)
2.5 mg/ml, (b) 5.0 mg/ml and (c) 7.5 mg/ml. The decay time distribution was analyzed using MEM
analysis method.

liposome fragmentation at the high concentration sample (7.5 mg/ml) (Figure 2.12 c). While
tripling the concentration of short polymer 34-0.29 can accelerate the liposome fragmentation, the
final extent of fragmentation at 7.5 mg/ml in Figure 2.12 (c) was still lower than 100-0.27 at low
concentration of 2.5 mg/ml in Figure 2.10 (c). As aresult, it was concluded that shorter chain HMP
is not as effective in inducing fragmentation of liposome relative to the longer chain counterparts.

Morphology of the two HMP-0.27+lip complexes, namely 100-0.27+lip and 34-0.29+lip,
were characterized using cryo-TEM (in Figure 2.14 (a) (b) (e) (f)) and negative stain TEM (in
Figure 2.13 (c) (d) (g) (h)). All the cryo-TEM images shown here are bright filed images. No
residual liposomes but small spherical structures were observed in sample 100-0.27+lip in Figure
2.13 (a)-(d) indicating all the liposomes were fragmented into small pieces in the presence of 100-
0.27 polymers. By contrast, short fibril structures with a ~ 50 nm average length were found to co-
exist with large lipid assembles in sample 34-0.29+lip in Figure 2.13 (e)-(h). Based on the
combined results of DLS, SLS and morphology analysis, it was concluded that long polymer (DP,
= 100) induced effective liposome fragmentation with faster and higher extent of fragmentation

relative to short ones with DP, = 34.
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100-0.27 + lip

34-0.29 + lip

96-0.16 + lip

Figure 2.13. (a)-(b) Cryo-TEM characterization on (a)-(b) 100-0.27+lip complex, (e)-(f) 34-0.29
+lip complex, and (i)-(j) 96-0.16+lip complex; Negative stained TEM characterization on (c)-(d)
100-0.27+lip complex, (g)-(h) 34-0.29+lip complex, and (k)-(I) 96-0.16+lip complex.

2.2.5 Effect of polymer hydrophobicity on liposome fragmentation

In this section, the effect of polymer hydrophobicity on liposome fragmentation was
investigated by comparing the hydrophilic PNMeOEtgs homopolymer (99-0.00), a.k.a. unmodified
polypeptoids (UMP), with two HMP polymers with similar molecular weight (DP, = 96 to 100)
and varying hydrophobicity (PNDG molar percentage =16% and 27%). Polymer size in aqueous
solution was first characterized using DLS with MEM analysis result shown in Figure 2.14. Two
size population distributions were observed in both HMP samples and the detailed size information
was compared and summarized in Table S2.1. After the addition of liposomes, the size change was
monitored using DLS and SLS over 3 days. Normalized G(t) from DLS measurements reveals that

more hydrophobic 100-0.27 exhibited a notable shift towards lower decay time after 24 h in Figure
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Figure 2.14. DLS normalized G(t) with decay time distributions for 5 mg/ml (a) 100-0.27 and (b)
96-0.16 polymer aqueous solutions. The decay time distribution was analyzed using MEM analysis
method.
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Figure 2.15. Time dependence study on DLS normalized G(t) of polymer and lipid complexes with
varying polymer hydrophobicity (De mol % = 0, 16 %, 27 %).

2.15 (a). Whereas no notable shifts for relatively hydrophilic polymers (96-0.16 and 99-0.00) were
observed in Figure 2.15 (b) and (c). Based on MEM analysis of G(t) over 3 days in Figure 2.16
(a)-(c), the UMP and lipid complex, namely as 99-0.00+lip, shows no significant fragmentation
peak at lower decay in Figure 2.16 (a). In contrast, two HMP samples (96-0.16+lip and 100-
0.27+lip) had two size populations with the population at low decay time corresponding to
fragmented liposomes (peaki) and the one at higher decay time corresponding to residual
liposomes or re-constructed polymer/liposome assembles (peakz) as shown in Figure 2.16 (b)-(c).
Furthermore, it can be observed that the intensity of peak: (I1) for sample 100-0.27+lip in Figure
2.16 (c) is dramatically higher than I, for sample 96-0.16+lip in Figure 2.16 (b). Therefore, it was
concluded that the relatively hydrophilic 96-0.16 polymer resulted in less extent of liposome
fragmentation relative to the hydrophobic 100-0.27 polymer. The detailed size and homogeneity

43



(a) UMP + lip 3 days (b) 96-0.16 + lip 3 days (c) 100-0.27 + lip 3 days (d) SLS intensity

004 10 0004 2,067

UMP +lip

@
5 oz g = . 1= 96-0.16 + lip
@ ) 06 E]

Normalized G(t)

2
02

100-0.27 + lip

00

0.

4'( 1= O 1 20 30 40 5 60 70 8
8
. Time (s) Tim

Figure 2.16. DLS G(t) and decay time distributions after incubating liposomes with HMPs having
varying polymer hydrophobicity (De mol % = 0, 16 %, 27 %) over 3 days. The decay time
distributions were analyzed using MEM analysis method.

information of resultant polymer and lipid complexes were summarized in Table S2.2. SLS
experiments were conducted without stirring. Plot of SLS intensity versus time in Figure 2.16 (d)
showed that the intensity of UMP 99-0.00 remained at ~ 2.0 x 107 over 3 days, revealing no
significant fragmentation occurred in the presence of hydrophilic UMP 99-0.00. By contrast, the
intensities of two HMP samples decrease over 3 days, and the intensity of 100-0.27+lip decreased
more significantly from ~ 2.0 x 107 to ~ 5.0 x 10°, relative to ~ 2.0x 10" to 1.8x 10" for 96-
0.16+lip over the course of 3 days, further indicating that the more hydrophobic polymer 100-0.27
resulted in more effective liposome fragmentation relative to hydrophilic 96-0.16 polymers. The
morphology of UMP and HMP lipid complexes were analyzed using cryo-TEM and negative
stained TEM and the results of 100-0.27+lip and 96-0.16+lip were shown in Figure 2.13 (a)-(d)
and (i)-(1) respectively. While hydrophobic 100-0.27 completely fragmented liposomes as shown
in Figure 2.13 (a)-(d), residual liposomes were still present in sample 96-0.16+lip (Figure 2.13 (i)-
(1)), indicating the incomplete liposome fragmentation by hydrophilic 96-0.16 polymer, which is
consistent with the DLS and SLS results. Cryo-TEM and negatively stained TEM analysis of UMP
and lipid complex (99-0.00+lip) (Figure S2.10) reveals the abundant presence of elongated
liposomal structures instead of fragmented liposomes, which agrees with SLS results that

unmodified polypeptoid cannot effectively induce liposome fragmentation.
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Our combined experimental results indicate that the density of hydrophobic sidechains in
HMPs as well as the chain length is important in their effectiveness (i.e., extent and the rate of
fragmentation) in inducing liposome fragmentation. The higher the density of hydrophobic
sidechains on HMPs can presumably promote membrane deformation and instability by increasing
local hydrophobic interaction with the lipid tails in the membrane. In addition, the liposome
fragments can presumably be better stabilized by longer chain HMPs than the shorter ones due to
reduced entropic penalty associated with the formation of HMP-lipid complexes for the former
relative to the latter. This is also consistent with the MD simulation studies on mechanism of SMA
copolymer induced membrane fragmentation,? the high local contacts between the hydrophobic
groups in polymers and acyl chains in the lipid bilayer membranes are the key factor dominating
the extent and rate of membrane fragmentation.
2.3 Conclusions

Hydrophobically modified polypeptoids (HMPs) with varying molecular characteristics
have been designed and synthesized to fragment synthetic liposomes into nanoscale polymer/lipid
complexes towards membrane protein extraction applications. The effects of polymer
concentration, chain length, and relative hydrophobicity on liposome fragmentation have been
elucidated by a combination of DLS, SLS and EM analysis. DLS and SLS results revealed that
HMPs with relatively higher polymer hydrophobicity (De mol % = 27 %) and longer chain length
(DP,=100) can induce more effective liposome fragmentation relative to short polymers (DP, =
34-60) and hydrophilic polymers with similar chain length (DP» = 96 with De mol % = 16 %). The
HMP induced liposome fragmentation was further investigated using cryo-TEM and negative
stained TEM, which also supported that longer HMPs with higher hydrophobicity (100-0.27) can

most effectively induce liposome fragmentation. It is hypothesized that a high local hydrophobic
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contact between polymers and lipid membranes is critical to accelerate and enhance the extent of
liposome fragmentation.
2.4 Future perspective

The combined experimental results demonstrated that the density of hydrophobic
sidechains in HMPs as well as the chain length is important in the extent and the rate of liposome
fragmentation. Molecular dynamics (MD) simulation study will be important towards
understanding the molecular details regarding the roles of polymer chain lengths and the density
of local hydrophobic contacts in liposome fragmentation, which represents an important aspect of
future work.

While cryo-TEM revealed that HMPs can fragment liposomes to form HMP-and-lipids
complexes with ~10 - 20 nm hydrodynamic diameter, the detailed structure of the complex is
currently unknown. An important future work will be focused on structural elucidation of HMP-
and-lipid complexes using scattering techniques (e.g., SAXS or SANS).

Finally, cryo-TEM studies have shown that the addition of HMP with optimized molecular
characteristics (92-0.22) can fragment liposomes based on the Escherichia coli (a.k.a. E. Coli)
lipid extract (Figure S2.11 (a)) into nanoscale polymer and E. Coli lipid complexes in Figure S2.11
(b). An important aspect of the future work will be focused on investigating the 92-0.22 polymer
in the direct extraction of membrane proteins from E. Coli lysate.
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CHAPTER 3. INVESTIGATION OF AMPHIPIHLIC POLYPEPTOIDS-
FUNCTIONALIZED HALLOYSITE NANOTUBES AS PICKERING
EMULSION STABILIZERS FOR OIL REMEDIATION

3.1 Introduction

Large scale oil spills (e.g., Deepwater Horizon) have devastating impacts on the marine
and coastal ecosystem (i.e., aquatic species,*>* vegetation,* coastal human populations,® etc.).
Bioremediation is a noninvasive and relatively cost-effective strategy for the oil-spill mitigation.
This method relies on dispersants to emulsify the oil plume into discrete oil-in-water droplets
formed by wave action.'®%12 The formation of oil droplets stimulates biodegradation by providing
a larger oil-water interface to be accessed by alkane-degrading organisms.®”° Traditional
dispersants consist of a mixture of amphiphilic anionic and non-ionic surfactants with organic
solvents. For example, approximately 2.1 million gallons of chemical dispersants were applied for
oil emulsification during the Deepwater Horizon oil spills in 2010.*® The use of large amounts of
surfactants and organic solvents has caused serious environmental concerns due to their potential
toxicity.>**® For example, COREXIT EC 9500, Tween 20, sodium dodecy! sulfate and nonionic
surfactant, have been demonstrated to have adverse effects on the population of Alcanivorax
borkumensis, a dominant hydrocarbon-degrading bacteria in the microcosm that blooms in ocean
after oil spills. 23141516

Intense research efforts have been dedicated to the development of environmentally benign
dispersant systems towards oil-spill remediation by investigating non-surfactant-based emulsion
stabilizers and reducing or eliminating the usage of organic solvents.'” 181962 Solid particles are
Chapter 3 is reprinted with permission Yu, T.; Swientoniewski, L.T.; Omarova, M.; Li, M.;
Negulescu, I. I.; Jiang, N.; Darvish, O. A.; Panchal, A.; Blake, D. A.; Wu, Q.; Lvov, Y. M.; John,
V.; Zhang, D. Investigation of Amphiphilic Polypeptoid- Functionalized Halloysites Nanotubes

(HNTSs) as Stabilizer towards Oil Spill Remediation. ACS Appl. Mater. Interfaces, 2019, 11,
27944-27953. All rights reserved (see page 131).
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known to stabilize the emulsification by being adsorbed at the oil/water interface and creating
steric or electrostatic barriers at the interface to impede the droplet coalescence.?%2122 Furthermore,
in the case of oil spill remediation, it is advantageous that solid particles can stabilize oil-water
interface at low particle concentration relative to the traditional surfactants, which may
dynamically desorb from the interface at high dilution in the open ocean.’

A wide variety of solid particles have been investigated as stabilizers for the oil-in-water
emulsion including silica,??%%61 graphene oxide,® carbon black,'"?® iron oxide,25
nanocrystals?’ and naturally occurring clay particles,?3033> etc.. Halloysite clay nanotubes
(HNTSs) are naturally occurring aluminosilicate (Al203-2SiO2-2H20) clay nanotubes with large
specific area, tunable surface chemistry and high thermal and mechanical stabilities.31406064 The
unique tubular morphology with high aspect ratio is beneficial to the emulsion stability by
increasing the detachment energy of particles from the oil-water interface.>> However, the pristine
HNTs are overly hydrophilic and thus cannot effectively stabilize oil-in-water (o/w) emulsions.
This is similar to what has been observed for other hydrophilic clay particles. Surface modification
is often required in order to control the hydrophilicity-lipophilicity balance (HLB) of the particle
surfaces (e.g., silica,®3"35! graphene oxide,® iron oxide,?5% carbon black,*>'" and other clay
particles)!®:283263-65 rendering them more effective as oil-in-water emulsion stabilizers. The outer
surface of HNTs possesses suitable functional groups (e.g., silanol) which allow for facile
chemical modification. In addition, HNTs can be produced in large quantities at relatively low cost,
further enhancing their appeal as emulsion stabilizers for oil spill remediation.*!

Polypeptoids are an emerging class of peptidomimetic polymers that feature N-substituted
polyglycine backbone.*?** Synthesis of well-defined polypeptoids with controlled molecular

weight and narrow molecular weight distribution has been developed in the last decade.*?*
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Previous studies show that polypeptoids are cytocompatible,*’ oxidatively degradable,*® having
tunable HLB characteristics by changing the N-substituent structure, and interfacially active in
reducing the air-water surface tension.*® The combination of these favorable attributes make
polypeptoid highly promising as polymeric surfactants for o/w emulsion.

In this contribution, we investigated the functionalization of HNTs with amphiphilic
polypeptoids and characterized the physical properties of resulting functionalized HNTs that are
important for understanding their performance as o/w emulsion stabilizers towards oil spill
remediation. Specifically, functionalization of HNTs with amphiphilic polypeptoids was
successfully achieved by a surface-initiated ring-opening polymerization method. The
functionalized HNTs were found to stabilize the o/w emulsion to varying extent, which is strongly
influenced by the HLB characteristics of the grafted polypeptoids. A combination of interfacial
tension, contact angle, rheological and microscopic measurements have revealed that
functionalization of HNTs with polypeptoids having appropriate hydrophobic content can
effectively lower the interfacial tension, enhance the thermodynamic propensity of HNTs to
partition at the oil/water interface and increase the emulsion viscosity relative to the pristine HNTS,
resulting in more stable o/w emulsions. Cell culture studies have shown that polypeptoid-
functionalized HNTs are non-cytotoxic towards Alcanivorax borkumensis, the dominant alkane
degrading bacterium in the ocean after crude oil-spill. Notably, the functionalized HNTs with
higher hydrophobic polypeptoid content (HLB= 12.0-14.3) was found to induce more cell

proliferation than those that are less hydrophobic or the pristine HNTSs.
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3.2 Experimental

3.2.1 General consideration

Halloysite nanotubes were purchased from Applied Minerals Inc., U.S.A. and were first
dried at 80 °C under vacuum (30 Hg) overnight and stored in desiccator before use. (3-
Aminopropyl) triethoxysilane (APTES) was purchased from Sigma-Aldrich and stored under
nitrogen atmosphere after distillation. Alcanivorax borkumensis (ATTC-700651™) was purchased
from the American Type Culture Collection, and the freeze-dried cultures were reconstituted
according to ATTC instructions using Difco Marine Broth. Agar and fluorescent assay plates (96-
well, black, flat bottom, non-treated, polystyrene) purchased from Fisher Scientific. All other
chemicals used were purchased from Sigma-Aldrich and used as received unless otherwise noted.
All solvents used (e.g., toluene, dichloromethane (DCM), hexanes, and acetonitrile (CH3CN) were
purchased from Sigma-Aldrich with HPLC grades and purified with alumina columns under argon.
All N-substituted N-carboxyanhydride monomers (i.e., Me-NCA, Bu-NCA and De-NCA) were
synthesized by adapting a reported procedure.®® H NMR analysis was performed on Bruker
AVI11-400, a 400 MHz spectrometer and the chemical shifts in parts per million (ppm) were
referenced to the proton impurities of CDCls. FTIR spectra were collected on a Bruker Alpha FT-
IR spectrometer. Samples of varying polypeptoids-grafted-HNTs and p-HNTSs were grinded into
fine powders before measurement. The sample powders were packed into a firm layer on the
diamond crystal with the equipped stainless steel plunger to ensure the good contact with the
crystal surface. Spectrum were collected in the range of 4000-400 cm™. The spectral resolution
was set at 4 cm™and the number of scan for both background and sample scans were set as 64.
Thermogravimetric analysis (TGA) was performed with ~5 mg of pristine or polymer-grafted

HNTSs on TA 2950 under nitrogen at a heating rate of 10 °C min! in the 25 — 600 °C range.
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3.2.2 Synthesis of polypeptoid-grafted HNTs

Surface functionalize p-HNTs with (3-aminopropyl) triethoxysilane (APTES) has been
adapted to the reported procedure to obtain amino group functionalized HNTs (HNT-NH2).%8
Functionalization of HNTs with amphiphilic polypeptoids were achieved by amine-initiated ring-
opening polymerization of the corresponding N-substituted glycine-derived N-carboxyanydride
monomers (R-NCAs). A representative procedure for the synthesis of copolypeptoids-grafted-
HNTSs, MgoB1o-g-HNTS, was presented. In the glovebox, the initiator functionalized HNTs (HNTs-
NH3) (200 mg, 0.68 mmol, 0.09 M) was dissolved in anhydrous dichloromethane (DCM) in a 20
ml scintillation vial. The vial which was capped and parafilmed was then transferred out of the
box and sonicated in a sonication bath (Branson 2510 Ultrasonic Cleaner) for 10 min until the
particles were fully dispersed and the vial was moved back into the glovebox after sonication. Bu-
NCA (27 mg, 0.17 mmol, [M2]o = 0.02 M) and Me-NCA (176 mg, 1.53 mmol, [M1]o = 0.20 M)
were added into the above particle suspension and allowed to stir and mix at 350 rpm at room
temperature for 10 min. Then the reaction mixture was heated at 50 °C and stirred at 350 rpm for
72 h. The MgoB10o-g-HNTSs particles were precipitated out and collected by centrifuging at 2000
rpm for 10 min and the product were washed with ample DCM until no monomer or random
polymer peaks were observed from *H NMR followed by drying under vacuum (232 mg, 70.1%).

3.2.3 Surface tension measurement

Surface tensions between dodecane and particle aqueous stock solution were measured by
the pendant drop method using a standard goniometer (Rame-Hart, model 250). Varying
polypeptoids-grafted HNTs and p-HNTs were prepared into 0.5 wt % of stock solutions in artificial
sea water (ASW) by sonicating in a sonication bath (Branson 2510 Ultrasonic Cleaner) for 10 min

till all the particles were fully dispersed and the samples were then left stirring at 350 rpm for
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overnight. A 15 pl of the particle stock solutions were injected into 10 ml of an external n-dodecane
phase. The interfacial tension was obtained by analyzing the curvature of the droplet with the
DROPimage Advanced Software. Data points were collected every 120 s for 30 min to achieve
equilibrium and the data between 12 and 30 min was used in the calculation of the equilibrium
interfacial tension. Three independent measurements were performed for each sample and the
mean of the triplicate were recorded and plotted versus time in Figure 3.3A and the error bars were
generated from the standard deviation of the triplicate measurements.

3.2.4 Three phase contact angle measurement

Three-phase contact angle between n-dodecane, ASW and various polypeptoid-grafted
HNTSs by the compressed disc method using a standard Rame-Hart model 250 goniometer. Around
0.15 g of varying polypeptoid-g-HNTs were compressed into a 20 mm diameter disc with 30 MPa
pressure using the Riken high pressure hydraulic equipment for 2 min. The disc was then put into
a cuvette cell filled with n-dodecane and 5 ul of artificial sea water (ASW) was placed onto the
artificial surface of HNTSs substrate with a 21 gauge needle and the three phase contact angle at n-
dodecane, ASW and the particle interface was measured at 25°C every 1s, using a drop shape
analyzer until the contact angle becomes stabilized. Two independent measurements were carried
out for each sample and the mean of the doublet were calculated and recorded.

3.2.5 Steady shear viscosity measurement

The steady shear viscosity experiments were performed with a AR 2000ex Rheometer (TA
Instruments Inc.) using a cone-plate geometry (40 mm diameter and 2° cone angle). About 0.6 ml
of the emulsion sample was added onto the plate and the gap between cone and plate was set at 52
pm for all the sample measurements. The steady shear viscosity for emulsions stabilized by

varying polypeptoid-grafted HNTs (g-HNTS) or pristine HNTs (p-HNTSs) were measured under a
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steady shear flow with increasing the shear rate successively from ~ 1x10*# to 10.0 s at 25 °C.
The equilibrium time required to reach steady state between each rate change was set at 60 s for
all the samples.

3.2.6 Assessment of emulsion stability by optical microscopy

The mean diameters (D) of the oil droplets in particle stabilized o/w emulsions were
characterized by Leica DM6 B upright microscope equipped with Hamamatsu sCMOS camera
and LAS X software. For each sample, the sizes of at least 200 droplets were analyzed by image J
software to obtain the mean diameter (D). The droplets sizes were re-measured again after left the
emulsion staying at room temperature for 7 days.

Assessment of Emulsion Stability by Emulsion Index Measurement. All the emulsions
generated were separated into a top emulsion layer and a bottom serum layer due to gravitational
separation instantly after preparation by vortex. Emulsion Index (EI) is defined as the ratio of the
height (Ee) of the top emulsion layer versus the height (E:) of the total liquid column. The height
was measured with a metric ruler (mm) at designated time and three independent measurements
were performed at each time point and the mean of the triplicate were recorded. Error bars were
generated from the standard deviation of each triplicate. The calculated EI results were plotted
versus time in Figure S3.3.

3.2.7 Sample preparation for TEM analysis

TEM analysis were conducted on a JEM-1400 TEM with operating voltage of 80 kV and
the images were analyzed with FEI Digital Micrograph software. A stock solution of p-HNTSs or
g-HNTs in ethanol (0.5 wt %) was prepared by sonicating in a sonication bath (Branson 2510

Ultrasonic Cleaner) for 10 min. A small volume of the stock solution (~5 ul) was added onto a
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carbon coated 300 mesh copper grid and blotted with a filter paper. The grid was allowed to dry
overnight at room temperature before analysis.
3.2.8 Sample preparation for cryo-TEM analysis

A stock solution of p-HNTs or g-HNTs in ASW (0.5 wt %) was prepared by sonicating for
10 min until all the particles are fully dispersed. A small volume of the stock solution (~5 uL) was
added onto a lacey carbon-coated 300 mesh copper TEM grid. FEI Vitrobot was applied for
blotting both side of the grid for 1 s, resulting in a thin film remaining on the grid. The grid was
then plunged into liquid ethane chilled by liquid nitrogen and transferred into the sample holder
for imaging.

3.2.9 Sample preparation for cryo-SEM analysis.

A 10 pl of oil-in-ASW emulsion containing p-HNTs or g-HNTs was loaded on the rivet
mounted sample holder followed by plunging into liquid nitrogen to quickly freeze the sample. A
flat-edge cold knife was used to fracture the droplet at -130 °C. After subliming the solvent at
about -90 °C for 15 min, the system was cooled back down to -130 °C. The sample was then sputter
coated with gold-palladium nano-composite for 120 s at 10 mA to deposit a conductive thin layer
on the surface of the sample before imaging analysis.

3.2.10 Cleaving polymer off HNT surface by HF treatment

Hydrofluoric acid (HF) was used to cleave the polymer off the surface of polypeptoid-
grafted HNTs. Polymer-grafted HNTs (55.0 mg) were fully dispersed in DMF/H20 (1:1, viv) (3
ml) by magnetically stirring at 350 rpm for 30 min followed by addition of hydrofluoric acid (HF)
aqueous solution (1 ml, 48 wt %). The reaction was allowed to proceed at room temperature for
6 hours with stirring and then neutralized to pH = 7 with the addition of NaOH aqueous solution

(2.0 M) in ice bath. The solution was extracted with DCM (3 ml) twice. The organic layers were
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separated and the volatile was removed using rotovap to afford the final polymers (10.0 - 17.9 mg,
75.4-100 % recovery yield). For example, the recovery yield for the M90D10-grafted HNTS is
calculated as followed. Yield = the mass of the recovered polymers / (the mass of the polymer-
grafted HNTs prior to HF treatment x weight percentage of the polymer grafted onto the HNTs
based on TGA analysis) = 10.0 mg/ (55.0 mg x 24.1 wt %) x 100% = 75.4 wt %.

Cell Culture Study. A liquid inoculum was prepared by culturing A. borkumensis in
modified ONR7a supplemented with 1% hexadecane to an OD600 of approximately 0.600.
Anadarko crude oil was thrice filtered before use. Growth studies were performed in sterilized 125
ml Erlenmeyer flasks in which 300 uL of Anadarko crude oil was added to 1.2 ml of a 5 mg/ml
HNT stock solution in ONR7a and each flask was stirred for 10 seconds to generate Pickering
emulsions. The solution was then scale up to 30 ml with modified ONR7a to yield concentration
of HNTs in the culture flask of 0.2 mg/ml (0.02% wi/v) followed by the addition of 300 uL aliquot
of the A. borkumensis inoculum. Culture flasks were incubated in dark at 300C for 48 hours with
shaking at 150 rpm. At each designated time point, 1 mlof sample was transferred to an Eppendorf
tube and stored at 40C until the time course was complete. The pH of each harvested sample was
also measured using a pH meter.

3.2.11 Resazurin assay

For the resazurin assay,®® samples were removed from 4°C environment and allowed to
warm to room temperature. 100 ul of resazurin solution (0.1 mg/ml in dH.O) was added to each
sample and fully mixed. Samples were incubated for 20 min at room temperature in the dark to
allow the cells to metabolize the resazurin into the fluorescent product, resorufin. After incubation,
each sample was filtered with 0.22 pum sterile filter to remove the HNTs and cells. The sample was

allowed to sit for 10 min in the dark to allow the oil layer to separate. This layer was subsequently
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removed by carefully pipetting the top of each sample. Samples were transferred to a black 96-
well plate with twice dilution with modified ONR7a. The plates were read on a fluorometer
(BioTek Instruments, Inc., SynergyTM 2 Multi-Detection Microplate Reader) coupled with
Gen5TM Reader Control and Data Analysis Software for data collection. The fluorescence was
plotted versus dilution at each time point and a best-fit linear equation was generated using
GraphPad Prism 6.0. The slopes of these lines were plotted versus time after inoculation to
generate the growth curves.

3.3 Results and discussion

3.3.1 Synthesis and characterizations of polypeptoid-grafted halloysite nanotubes (g-HNTS)

Functionalization of HNTs with amphiphilic polypeptoids was achieved via the “graft-
from” method. Specifically, the exterior surface of pristine HNTs (p-HNTs) was first
functionalized with amino groups by treatment with (3-aminopropy!) triethoxysilane (APTES).*
The amino-functionalized HNTs (HNTs-NH2) were then used as initiators for the ring-opening
polymerization of N-substituted glycine-derived N-carboxyanhydrides (R-NCAs, R = Me, Bu, De)
in varying initial monomer feed ratio (i.e., [Me]o:[Bu]o or [Me]o:[De]o = 90:10 and 80:20), thereby
producing the corresponding poly(N-methyl glycine) (My) homopolymer, poly(N-methyl
glycine)-r-poly(N-butyl glycine) (MxBy) and poly(N-methyl glycine)-r-poly(N-decyl glycine)
(MxDy) random copolymer-grafted HNTs (Figure 3.1A) (Note: x and y signify the initial
percentage molar fraction of hydrophilic (Me-NCA) and hydrophobic (Bu-NCA or De-NCA)
monomers used in the polymerization, respectively). M1oo homopolymer is highly hydrophilic with
good water solubility. The MxBy or MxDy copolymers are expected to be more hydrophaobic as the
content of the hydrophobic segments (B or D) increases relative to the M segment. In this study,

the initial molar ratio of the monomer relative to HNTs-NH; (f= [M]o:[HNTs-NHz]o) was kept
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constant at 2.5 for the synthesis of both homo- and copolypeptoids-grafted HNTs. All
polymerizations were conducted in anhydrous dichloromethane (DCM) at 50 °C for 72 h with a
stirring rate at 300 rpm and the polypeptoid-grafted HNTs (g-HNTSs) were isolated by trice

washing with DCM to remove any unreacted monomers, which was verified by *H NMR analysis

of the washing.
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Figure 3.1. (A) Schematics showing the functionalization of HNTs with amphiphilic polypeptoids
by the surface-initiated polymerization method; (B) Representative TEM images of p-HNTs and
(C) M80B20-g-HNTs in the dry state. The scale bar in (B) and (C) is 50 nm and 100 nm,
respectively. (D) FT-IR spectra and (E) Thermograms of pristine HNTs (p-HNT), initiator
anchored-HNT (HNTs-NH2) and representative polypeptoid-grafted HNTs (M80B20-g-HNTS)
obtained by TGA. FT-IR spectra were vertically shifted for clarify. (F) Representative 1H-NMR
spectrum of polypeptoid polymers that were cleaved off from the M80B20-g-HNTs by HF
treatment. Detailed chemical shift and integration information were shown in Figure S3.5.

FT-IR spectroscopic analysis of polypeptoid-grafted HNTs in comparison to p-HNTs and
initiator anchored-HNTs (i.e., HNTs-NH2) (Figure 3.1D and Figure S3.1) has revealed the
successful grafting of polypeptoids to the HNTS, evidenced by the emergence of 1644 cm™ and
2935 cm? that are characteristics of the amide and C-H stretching bands of polypeptoids,
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respectively. By contrast, these peaks are notably absent for the pristine HNTs (p-HNTS) in the
corresponding spectral region. Thermogravimetric analysis (TGA) was also conducted to quantify
the extent of polymer grafting on the HNTs (Figure 3.1E and S2-S3). All polypeptoid-grafted

HNTs were shown to undergo two-stage decomposition in the 25-600 °C range with the most rapid

Table 3.1. Molecular characteristics of amphiphilic polypeptoids that were grafted onto HNTs by
the surface-initiated polymerization method.

Grafted Polypeptoids X1y Xy
Entry # HLB (Exptl.) ¢
(Mx(B/D)y) ¢ (Theo.)? | (Exptl.)*
1 Mioo N/A N/A 20.0
2 MooBi1o 9.00 9.71 17.2
3 MzoB2o 4.00 4.00 14.3
4 MogoD1o 9.00 8.38 15.0
5 MzgoD2o 4.00 4.17 12.0

& Mx signifies the hydrophilic segment poly(N-methyl glycine). By and Dy signify the
hydrophobic segment, poly(N-butyl glycine and poly(N-decyl glycine), respectively. The numbers
in subscript correspond to the initial molar percentage of the respective monomer. b. x:y (Theo.)
corresponds to the initial molar ratio of the hydrophilic and hydrophobic monomers in the
polymerization. c. x:y (Exptl.) indicates the experimental molar ratio between the hydrophilic (M)
and hydrophobic segment (B or D) in the grafted polypeptoids determined by 1H NMR analysis
of the polymers cleaved from the g-HNTSs. d. HLB (Exptl.) is the experimental HLB characteristic
of the grafted polypeptoids. It is defined as the mass fraction of the hydrophilic segments (M) over
the entire polymer [HLB = 20 x (mx/mx+ my), mx: mass of hydrophilic segment (M), mx+my:
total mass of both the hydrophilic (M) and hydrophobic (B or D) segments] and is calculated using
the molar ratio between the M and B(D) segments determined by 1H NMR analysis.

weight loss temperature at ~ 350 °C, which corresponds well to the reported decomposition
temperature (Tq) of free poly(N-alkyl glycine) polymers.>5” An increased percentage weight loss

from 17.0 wt % for pristine HNTs to 41.1 — 46.2 wt % for various polypeptoid-grafted HNTs was
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also observed (Figure S3.2), corresponding to polymer grafting content in the 24.1-29.2 wt% range
for the respective polypeptoid-grafted HNTSs. In addition, the polymer grafting content can be
controlled by adjusting the initial monomer-to-HNTs-NH. feed ratio. For example, TGA revealed
an increase of percentage weight loss from 46.0 wt % to 57.7 wt % for the poly(N-methyl glycine)
grafted-HNTSs, as the feed ratio is increased from 2.5 to 5 during the synthesis (Figure S3.3).

To further characterize the molecular structure of the grafted polypeptoids, the
polypeptoid-grafted HNTs were treated with hydrofluoric acid (HF) to enable the cleavage of the
polypeptoids from the HNT. The polymer recovery yield is in the 75 ~100 % range for all samples.
Representative *H NMR spectroscopic analysis of the cleaved polymers (MsoB2o) has confirmed
the successful formation of the corresponding copolypeptoids (Figure 3.1F and Figure S3.5). In
addition, the relative molar content of the hydrophilic (M) and hydrophobic segments (B or D) on
the grafted copolypeptoids agree well with the initial monomer feed ratio (Table 1). As the end-
group structures were not readily discernable in the *H NMR spectra, the absolute molecular
weight of the grafted copolypeptoids cannot be determined.

The HLB parameter of grafted polypeptoids is defined as the mass fraction of hydrophilic
segments over the entire polymer (HLB = 20x wn/w, wi: mass of hydrophilic portion, w: mass of
whole polymer, 20 is an arbitrary scaling factor)’>*445 and have been calculated using the
experimentally determined molar ratio of the M and B(D) segments (Table 3.1). All grafted
polypeptoids in this study have HLBs in the 12.0-20.0 range (Table 3.1). A higher HLB value
indicates a more hydrophilic polymer and vice versa. For example, poly(N-methyl glycine)
homopolymer, the most hydrophilic polypeptoid used in this study, has a HLB of 20. In addition,
the 3-phase contact angle measurements between n-dodecane, artificial sea water (ASW) and

various polypeptoid-grafted HNTs (Figure S3.6-S3.7) are consistent with the HLB parameters that
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were calculated using the chemical composition of the corresponding polypeptoids. A more
hydrophilic polypeptoid was found to correlate to a higher HLB value and a smaller contact angle
and vice versa (Figure S3.7).

The morphology of pristine HNTs (p-HNTSs) and polypeptoid-grafted HNTs (g-HNTS) in
dry state or in solution has been analyzed by transmission electron microscopy (TEM) and
cryogenic transmission microscopy (cryo-TEM). Here, MogoB1o-g-HNTs are shown as
representative for polymer-grafted HNTSs. In contrast to pristine HNTs showing a smooth external
surface (Figure 3.1B), both TEM (Figure 3.1C and Figure S3.8) and cryo-TEM (Figure S3.9)
analysis of M90B10-g-HNTs sample has revealed a low electron density layer with thickness in
the 10 — 40 nm range on the external surface of the HNTSs. This is consistent with the successful
grafting of polymers on the HNTs by the surface-initiated polymerization method. HR-TEM
energy-dispersive X-ray spectroscopy (EDS) analysis of various polypeptoid-grafted HNTs also
revealed the emergence of N atom signals and an increased relative atomic content of C and O
atom relative to the pristine HNTSs, further supporting the successful grafting of polypeptoids onto
the HNT surface (Figure S3.4).

3.3.2 Oil-in-water emulsion stability in the presence of polypeptoid-grafted HNTs

To assess the effect of polypeptoid-grafted HNTs (g-HNTS) on the o/w emulsion stability,
emulsions of n-dodecane in artificial sea water (ASW, 35 g/L NaCl) in the presence of g-HNTSs
were prepared as followed. Briefly, a suspension of g-HNT (0.5 wt %) was first obtained by
dispersing HNTSs in the saline water and sonicated in a sonication bath (Branson 2510 Ultrasonic
Cleaner) for 10 min at room temperature. n-Dodecane was then added into the above saline

suspension in a 1:3 (v:v) n-dodecane-to-saline water ratio under magnetic stirring at 350 rpm
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followed by vortex mixing for 5 min on a Thermolyne Maxi mix Il operating at 3000 rpm. The
oil-in-water emulsions with pristine-HNTSs (p-HNTSs) were similarly prepared for comparison.

The emulsion stability was first assessed by measuring the emulsion index (EI) over a
period of 14 days at 25 °C. Emulsion index is defined as the ratio of the height (Ec) of the top
emulsion layer due to gravitational separation versus the height (Er) of the total water column.>*
As shown in Figure S3.10, there is no significant change of EI for the emulsions containing the
more hydrophobic copolypeptoid-grafted HNTs (i.e., MgoD1o-g-HNTS, MsgoB20-g-HNTs and
MagoD20-g-HNTS), indicating the formation of highly stable emulsions. By contrast, the El for the
emulsions containing the more hydrophilic polypeptoid-grafted HNTs (i.e., M1oo-g-HNTs and
MgoB10-g-HNTS) decreases significantly from 0.4-0.5 to 0.2-0.3 over the course of 14 days,
indicating instability of these emulsions.

The mean diameter (D) of the oil droplets in these freshly prepared emulsions was further
characterized by optical microscopic analysis (Figure3.2). The emulsions containing the
copolymer-grafted HNTs (i.e., MgoD1o-g-HNTS, MgoB20-g-HNTs and MgoD20-g-HNTS) exhibit
much smaller mean diameters of the oil droplets (D = 80 = 20 um, 90 £ 50 um or 110 + 40 um,
respectively) than those with the p-HNTs (D > 500 um) or homo-polypeptoid (M1oo)-grafted HNTs
(D =180 £ 70 pm). In addition, the size of oil droplets in emulsions containing these
copolypeptoid-grafted HNTs is more uniform relative to those with pristine HNTs or homo-
polypeptoid-grafted HNTs. Based on these observations, we concluded the use of copolypeptoid-
grafted HNTs can more effectively induce the formation of smaller oil droplets relative to the

homo-polypeptoid-grafted HNTs or pristine HNTSs.
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Figure 3.2. Optical microscopy images of n-dodecane-in-ASW emulsions in the presence of
various polypeptoid-grafted HNTs. The g-HNTs concentrations are 0.5 wt % and the mean
diameter (D) + SD of oil droplets at day 1 and day 7 were measured. The more hydrophobic
copolypeptoid (MgoD1o, MgoB20 or MgoD2o)-grafted HNTs induce smaller oil droplets relative to
the homo-polypeptoid (M1oo0)-grafted HNTSs or pristine HNTSs. Scale bar is 100 pm.

To investigate the effect of various HNTs on the emulsion stability over time, the oil droplet
sizes in the above emulsions were re-analyzed using optical microscope after 7 days. It was found
that the mean diameter of oil droplets in emulsions having p-HNTS, M1go-g-HNTs and MgoB10-g-
HNTSs increase dramatically to >300 um after 7 days (Figure 3.2). By contrast, for the three
emulsions containing more hydrophobic copolypeptoid-grafted HNTSs, i.e., MgoD1o-g-HNTS,
MagoD20-g-HNTs and MgoB20-g-HNTS, the mean diameters of oil droplets remain nearly unchanged.
This indicates that the hydrophobic copolypeptoid-grafted HNTs are more effective in inhibiting
the coalescence of oil droplets than the homo-polypeptoid-grafted HNTs or pristine HNTS,
resulting in more stable o/w emulsions. This is consistent with the relative stabilities of the
emulsions determined by the EI method. These combined results clearly indicate that

functionalization of HNTs with amphiphilic polypeptoids having appropriate HLB characteristics
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(HLB = 12.0-15.0) is effective in enhancing the performance of HNTs as oil-in-ASW emulsion
stabilizers.

Cryo-SEM analysis of the emulsions stabilized by MgoD10-g-HNTS (e-h, Figure S3.11) or
p-HNTs (a-d, Figure S3.11) has revealed that the oil/water interfaces were covered with
flocculated HNT particle networks. Polypeptoid-functionalized HNTs were found to form a more
extended and interconnected network at the o/w interface (h, Figure S3.11) as compared to the p-
HNTs (d, Figure S3.11) presumably owing to enhanced interparticle interactions by polymer
functionalization.

3.3.3 Effects of polypeptoid functionalization on O/W interfacial tension
One factor that may influence the above oil-in-ASW emulsion stability is the change of
interfacial tension in the presence of different polypeptoid-grafted HNTSs. In traditional emulsions,

surfactants enhance emulsion stability mainly by reducing the oil-water interfacial tension. By
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Figure 3.3. (A) Plot of interfacial tension at the n-dodecane/ASW interface in the presence of
different polypeptoid-grafted HNTSs versus time. The interfacial tension was measured every 120
s for 30 min till equilibrium was reached. The data between 12 and 30 min was used in the
calculation of the equilibrium interfacial tension. The results clearly indicate that functionalization
of HNTs with amphiphilic polypeptoids can reduce the interfacial tension between n-dodecane
and ASW. (B) Plot of interfacial tension versus the experimental HLB characteristic of
polypeptoids that were grafted on HNTs (Table 3.1). Decreasing HLB characteristic of the grafted
polypeptoids was found to be correlated with reduced interfacial intension, contributing to the
enhanced emulsion stability.
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contrast, for emulsions stabilized by solid particles (a.k.a. Pickering emulsion), the interfacial
tension does not decrease significantly in the presence of solid particles.55 To understand the
mechanism of emulsion stabilization by grafted-HNTSs, we characterize the dynamic interfacial
tension at n-dodecane-ASW interface in the presence of different grafted-HNTs (g-HNTS) or

pristine HNTs (p-HNTSs) by pendant drop tensiometry.

As shown in Figure 3.3A, the average interfacial tension measured in the presence of
pristine HNTs (p-HNTS) (42.7 £ 0.4 mN/m) is comparable to that without any stabilizers (44.5 +
0.2 mN/m), suggesting that p-HNTs are limited in reducing the interfacial tension. By comparison,
the interfacial tension was found to decrease in the presence of polypeptoid-grafted HNTs (g-
HNTSs). In addition, the interfacial tension appears to be correlated with the HLB characteristics of
the grafted polypeptoids. As the HLB decreases from 20.0 (M10o-g-HNTS) to 17.2-15.0 (MgoB1o-
or MgoD10-g-HNTS) and 14.3-12.0 (MgoB2o- or MgoD2o-g-HNTS) (Table 3.1), the interfacial tension
decreases steadily from ~38 to ~27 and then ~17-14 mN/m (Figure 3.3A). These results clearly
indicate that the functionalization of HNTs with amphiphilic polypeptoids with appropriate HLB
characteristics can significantly reduce the interfacial tension between n-dodecane and ASW, and
the extent of reduction in the interfacial tensions can be controlled by tuning the chemical
composition of the grafted polypeptoids on HNTs (Figure 3.3B). Furthermore, it appears that the
reduction of interfacial tension correlates with an enhancement of emulsion stability except for the
emulsion containing MgoB10-g-HNTSs. The emulsion with MgoB10-g-HNTs was found to become
unstable overtime in contrast to that containing MgoD10-g-HNTS, which has remained stable over
time (Figure 3.2). Yet, the interfacial tensions for these two emulsions are comparable (~27 mN/m,
Figure 3.3). This clearly suggests that there are other factors in addition to the interfacial tension

that contribute to the observed relative o/w emulsion stability.
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3.3.4 Effects of polypeptoid functionalization on particle desorption energy

In addition to change the interfacial tension in oil-water emulsion, the detachment energy
of solid particles positioning at o/w interface can also contribute to the emulsion stability.?* When
dispersed in a two-phase system, particles prefer to partition at the interface. The desorption energy
(AG) is defined as the free energy change upon removing particles from the oil/water interface into
bulk water phase. The higher the desorption energy is, the more stable the particles are at the
interface. This reduces droplet coalescence and enhances the emulsion stability. Particle shape,
size and surface chemistry all influence the strength of the desorption energy. Since HNTSs can be
approximated as cylindrical particles, for oil-in-water emulsion stabilized with cylindrical particles,
the desorption energy can be estimated using equation 1 (eq. 1) where r, L, [1ow and dstand for the
cross-section radius and contour length of the cylindrical particle, the oil-water interfacial tension

and the three-phase contact angel, respectively.5%>’

rcos 20sin@

AG = 2rLy,[sin 6 — Bcosd (1+1) + “=—"22) for 0° < 6 < 180° (eq. 3.1)

Based on TEM analysis of p-HNTS, the average contour length (L) and cross-section radius
(r) of HNTs were found to be ~1 pum and ~50 nm, respectively. n-Dodecane—ASW interfacial
tension was experimentally determined to be 44.5 mN/m2. Based on these parameters, the
dependence of desorption energy of HNT particles on the three-phase contact angle, an indicator
of HNT surface wettability, can be theoretically assessed. The plot of theoretical desorption energy
(AG) versus the three-phase contact angle (8) (Figure 3.4A) has revealed an initial increase of AG
in the 0-70° range followed by a decrease of AG in the 70-180° range. This clearly indicates that
highest desorption energy can be obtained by modification of the surface chemistry of HNT

particles to achieve intermediate wettability.
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To further assess the detachment energy of the polypeptoid-grafted HNT particles, we have
measured the three-phase contact angle between n-dodecane, ASW and various polypeptoid-
grafted HNTs by the compressed disc method using a standard Rame-Hart model 250 goniometer.
As shown in Figure S3.6, the contact angle of p-HNTs was found to be rather small (~10°),
consistent with the surface of p-HNTSs being highly hydrophilic. The contact angle was found to
increase upon functionalization of polypeptoids. Specifically, the contact angles increased steadily
from 42 + 5° to 146 + 1° as the hydrophobic content of the polypeptoids was increased (or the
HLB parameter of polypeptoids was decreased) (Figure S3.7). This result clearly indicates that the
wettability of HNT surface at the oil/water interface can be effectively controlled via the grafting
of polypeptoids with varying HLB characteristics. As the grafted polypeptoids become

increasingly hydrophobic, the wettability of HNT decreases accordingly.
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Figure 3.4. (A) Plot of theoretical desorption energy of various HNTs with or without
polypeptoids grafting versus three-phase contact angle (0) (A). The HNTs are approximated as
cylindrical particles having a length-to-radius ratio (L/r) of 20.0 (L= ~1 pm and r=~50 nm) in the
calculation of desorption energy using eg. 1. (B) Plot of the desorption energy versus the HLB
parameter of grafted polypeptoids. HNT particles functionalized with copolypeptoids having
intermediate HLB characteristics (M90B10 and M90D10) afforded the largest detachment
energies.
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Using the experimentally determined three-phase contact angle, the desorption energy of
g-HNTSs that were grafted with different polypeptoids in n-dodecane-ASW emulsion have been
estimated using eq. 1 (Figure 3.4A). It is found that functionalization of HNTs with polypeptoids
has increased the desorption energy of HNT particles to varying degree, relative to that of the
pristine HNTs in the n-dodecane-ASW emulsion. In particular, HNTs that were grafted with
copolypeptoids having an intermediate HLB (i.e., MgoB1o, HLB= 17.2; MgoD1o, HLB=15.0)
exhibited the largest desorption energy (AG = 6.28 x 10°kT and 5.16 x 10°kT) among all samples,
which is 26 times higher than that of the pristine HNTs and 4 times higher than hydrophilic
homopolypeptoid (Mi1oo-g-HNTS) (Figure 3.4B). While functionalization of HNTs with
amphiphilic polypeptoids enhances the thermodynamic propensity of g-HNTSs to partition at the
oil-water interface, thus contributing to the enhanced stability of the o/w emulsion, the relative
strength of the detachment energy of g-HNTSs is not well correlated with the relative emulsion
stability that was experimentally observed. For example, while the desorption energy of MgoB1o-
g-HNTSs is higher than that of MgoB20-g-HNTS, the o/w emulsion containing the former g-HNTS is
significantly less stable that that having the latter (vide supra, Figure 3.2). Hence, we concluded
that while the enhanced propensity of these polypeptoid-grafted HNTSs to partition at the oil-water
interface may contribute to the enhanced stability of the emulsion but the effect is not as dominant
as the change of interfacial tension due to polypeptoid functionalization.

3.3.5 Effects of polypeptoid functionalization on the steady shear viscosity of O/W emulsions

Apart from interfacial tension and particle adsorption at the oil-water interface, another
important factor that may contribute to the emulsion stability is the emulsion viscosity at low shear
rates. To investigate the effect of polymer grafting on the emulsion viscosity, steady shear

experiments of n-dodecane-ASW emulsions stabilized by polypeptoid-grafted HNTs or p-HNTs
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were conducted in the 10-10 s shear rate range. Plots of steady shear viscosity versus the shear
rate (Figure 3.5A) revealed a shear-thinning behavior for all samples. At the low shear rate range
(104-1073 s1), the viscosity decrease was relatively minor, indicative of approaching a Newtonian
fluid plateau at this shear range. (Note: shear rate below 10 s? is not accessible due to
instrumental limitation). The decrease of viscosity with increasing shear rate becomes more
pronounced at the intermediate1072-1 s shear rate range. At higher shear rate range (1-10 s), the
viscosity once again decreases more gradually with increasing shear rate, indicative of approaching
the infinite viscosity of these emulsions (e.g., p-HNTS, M1oo-, MgoB1o- and MgoB2o-g-HNTS). The
shear viscosity in the entire shear rate range can be well-fitted with the Cross model using equation
2 (eg. 2) to enable the determination of zero-shear viscosity (Figure 3.5A).* In eq. 2, 1, is the
steady shear viscosity and vy is steady shear rate. no and no stand for infinite shear viscosity and

zero shear viscosity, respectively. k is the Cross time constant and n is the Cross rate constant.

D= o + Ty (60-32)

In this model, all samples arrive at a Newtonian fluid regime at the low shear rate and
exhibit a plateau shear viscosity which is defined as the zero-shear viscosity. It was found that the
stable emulsions (i.e., MgoB20-g-HNTS, MsoD20-g-HNTs and MgoD1o-g-HNTS) exhibited much
higher zero-shear viscosities (~870 - 5100 Pa-s) than the unstable ones (2.4 - 320 Pa-s for p-HNTS,
Mz100-g-HNTs and MgoB1o-g-HNTS), indicating the important role of zero-shear viscosity in
emulsion stability. It is particularly worth noting that the emulsion having MgoB1o-g-HNTS
exhibited unusually low zero-shear viscosity (2.4 Pa-s) relative to that having MogD1o-g-HNTS
(5100 Pa-s), in spite of the former exhibiting comparable interfacial tension and higher particle
desorption energy relative to the latter. As a result, the low zero-shear viscosity is likely the

dominant factor that has contributed to the significantly diminished stability over time for the

68



former emulsion with MgoB10-g-HNTS, in contrast to the one having MgD1o-g-HNTSs that

remained temporally stable.
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Figure 3.5. (A) Plots of steady shear viscosities (1)) versus shear rate for n-dodecane-in-ASW
emulsions stabilized by different polypeptoid-grafted HNTs or pristine HNTSs in low shear rate
range (10-4-10 s-1) and the fitted curve using the Cross model to extrapolate the zero-shear
viscosity. (B) Plots of the zero-shear viscosity versus HLB characteristic of polypeptoids grafted
onto the HNTs.

It was previously reported that a more viscous continuous phase can reduce the extent of
creaming and inhibit oil droplet coalescence according to the Stokes’ equation, where the emulsion
creaming rate (v) can be estimated by v = d?(p, — pw)g/(18n). Here d represents the diameter
of oil droplet, p, and p,, represent the density of oil and water respectively, g is the local
acceleration of gravity, and p signifies the viscosity of the continuous phase.>®3"72 In this study,
functionalization of HNTs with polypeptoids can significantly alter the HNT inter-connectivity
and their partition at the interface versus in the continuous phase, evidenced by cryo-SEM analysis
of the emulsions (Figure S3.11). This gives rise to difference in emulsion viscosity, hence resulting
in varying emulsion stability against oil droplet coalescence over time.

3.3.6 Effects of polypeptoid-grafted HNTs on A. borkumensis cell growth
Alcanivorax borkumensis (i.e. A. borkumensis), a hydrocarbon degrading bacterium, is

dominant in the microbial communities after several weeks of oil spills.> It has been widely used
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as the model organism to investigate the dispersants’ effects on the population of microbial species.
Previous studies have shown that the addition of commonly used surfactants (e.g., COREXIT
EC9500A, Lecithin, Tween20, etc.) can impact the bacterial adherence to the o/w interface and
compromise the A. borkumensis viability.**1>6 In this work, the cell growth of A. borkumensis in
the presence of pristine or polypeptoid-grafted HNTs has been investigated to determine their
effects on the cell viability. ONR7a was used as a substitute of the seawater for the cell culture of
A. borkumensis. In brief, ONR7a is a completely synthetic medium that contains all necessary
nutrients for the growth of A. borkumensis (e.g., nitrogen and phosphorous, etc.) except for carbon.
The addition of Anadarko crude oil (Figure 3.6) or n-hexadecane (Figure S3.12) was used as a
carbon source for the cell growth. The cell growth was monitored for 48 h and quantified by
fluorescent resazurin assay, an established protocol to monitor live cell viability according to a
reported procedure. Two control groups, one with no carbon source and a second without bacteria
were used for comparisons.

The cell growth study shown in Figure 3.6A has revealed that HNTs grafted with
increasingly hydrophobic polypeptoids inhibit the initial cell growth, resulting in longer lag times
relative to the pristine HNTs (p-HNTS) and the control group without any HNTs. However, the
maximum cell numbers achieved in the culture were enhanced in the presence of HNTs grafted
with more hydrophobic polypeptoids, namely MooD1o and MsoD20. We propose that the increasing
lag time may result from the limited initial bacteria attachment at the oil-water interface due to the
presence of highly hydrophobic polypeptoid-grafted HNTs. With the gradual formation of
biosurfactants and biofilms over time, the interfacial hydrophobicity and structure may have been
adjusted to stimulate the bacteria attachment and access to the oil-water interface. As the HNTs

grafted with more hydrophobic polypeptoids tend to generate smaller oil droplets with larger
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interfacial area than the pristine HNTSs, this may also contribute to the larger maximum cell
numbers as well as the enhanced cell growth rate. This is further confirmed by plotting the cell
growth rate in exponential phase for varying polypeptoid-grafted HNT samples in Figured 3.6B,
the cell growth rate was estimated by calculating the tangent between two neighboring
measurement time points during the exponential growth stage (Figure 3.6A). From Figure 3.6B, it
is observed that the cell growth rate increases with the hydrophobicity of the grafted polypeptoids,
and the growth rate of all the polypeptoid-grafted HNTs are higher than the pristine HNTSs.
Interestingly, for grafted polymers with HLB lower than 17.2, the growth rates are all higher than
the control group without any particles stabilizers namely Anadarko Only. In addition to providing
larger oil-water interface and better anchoring for bacteria at the interface, the grafted polypeptoids
on HNTSs can enhance the bacteria cell growth presumably by serving as a nitrogen source, a
critical and required nutrient for cell growth. This is evidenced by a notable bacterial cell growth

in the presence of polypeptoid-grafted HNTs with endogenous nitrogen source removed from the
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Figure 3.6. (A) Growth of A. borkumensis in modified ONR7a containing 1% Anadarko crude oil
and 0.02% wi/v of the indicated particles. Points represent mean + SD of the slope of the best fit
line from serial dilution of technical replicates. The polymers with increasing hydrophobicity
inhibit the initial cell growth, resulting in longer lag time but stimulated cell growth in the
exponential growth phase. (B) The cell growth rate (RFU/h) under the exponential growth phase
was plotted versus the HLB of grafted-polypeptoids (Table 3.1). The increasing polymer
hydrophobicity (lower HLB) enhanced the cell growth rate at exponential growth stage.
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ONR7a medium (Figure S3.12). However, it should be noted that the enhancement effect (Figure
S3.12) is much less pronounced than when the endogenous nitrogen source is present in the culture
medium (Figure 3.6(a)). This suggests that other non-biological factors (e.g., enlarged o/w
interfacial area, etc.) must have contributed to the significantly enhanced cell growth in the typical
ONR7a medium with the endogenous nitrogen source present. The mechanism by which the
bacteria metabolize polypeptoids is currently unknown and will be investigated in future. In
contrast to traditional surfactants,**'>!® polypeptoid-grafted HNTs are non-toxic towards A.
borkumensis and also stimulate the bacterial growth, significantly enhancing their appeal as
alternative emulsion stabilizers for oil remediation.
3.4 Conclusions

We have developed a method to functionalize halloysite nanotubes with amphiphilic
polypeptoids by surface-initiated polymerizaiton of N-carboxanhydride monomers.
Hydrophilicity-lipophilicity balance (HLB) and hence the wettablity of HNT surfaces can be
systematically adjusted by controlling the initial feed ratio of hydrophobic and hydrophilic
monomers. HNTSs funtionalized with polypeptoids having appropriate HLB characterisics (HLB =
12.0-15.0) were found to be significantly more effective stabilizers for the oil/water emulsion
relative to the pristine HNTs. Functionalization of HNTs with polypeptoids having appropriate
HLB characteristics were found to enhance the emulsion stabilities by 1) effectively reducing the
interfacial tension, 2) enhancing the thermodynamic propensity of HNT particles to partition at the
oil-water interface as well as 3) increasing the emulsion viscosities to inhibit the oil droplets
coalescense. In contrast to traditional surfactants which inhibit the oil-degrading bacterial growth,
the polypeptoid-grafted HNTs have been shown to be non-cytotoxic and can promote the bacteria

cell growth. This study has highlighted the potential of polypeptoid-functionalized natural clay
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particles as a class of environmentally benign and biocompatible emusifier/stabilizer with tunable
surface properties for the oil remendiation application.
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CHAPTER 4. DESIGN AND SYNTHESIS OF THERMORESPONSIVE ABC
TRIBLOCK COPOLYPEPTOIDS WITH DEUTERATED HYDROPHOBIC
SEGMENT FOR ELUCIDATING THE NANOSTRUCTURES AND SELF-
ASSEMBLY OF THE ABC THERMORESPONSIVE HYDROGELS

4.1 Introduction

4.1.1 Physically crosslinked injectable hydrogels

Injectable hydrogels have attracted extensive research interest due to the minimal invasive
delivery relative to the traditional implantation method. Injectable hydrogels have wide
applications in biomedical application e.g. cell or drug carriers, extracellular matrix in tissue
engineering, etc. Significant research efforts have been dedicated to design synthetic polymers
with tunable chemical structures as injectable hydrogels. Stimuli sensitive synthetic block
copolymers are widely used for designing injectable hydrogels, in which the gelation was induced
by external stimuli such as pH, temperature, ionic strength, etc. Stimuli sensitive hydrogels can be
divided into chemically and physically crosslinked hydrogels. Chemical hydrogels are composed
of polymers forming crosslinking via covalent bond under the external stimuli. Physical hydrogels
are comprised of supramolecular assembles that are non-covalently crosslinked. In the selective
solvent, the block copolymer having both solvophilic and solvophobic segments undergo
microphase separation which is driven by the hydrophobic interactions to form micellar structures
and the gelation occurred with polymer concentration increase up to critical gelation concentration
(CGC). The advantage of physically cross-linked hydrogel (a.k.a. physical hydrogel) over
chemically cross-linked hydrogels (a.k.a. chemical hydrogel) are: 1) the crosslinking condition
(e.g., photo irradiation or addition of crosslinking agents) for chemical hydrogel formation may
bring damages to local tissues upon hydrogel injection; 2) physical hydrogels generally exhibit

relatively smaller volume changes during the gelation relative to chemical hydrogels, which is
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beneficial to retain the entrapped drugs or encapsulated cells; 3) compared with chemical
hydrogels, the physical hydrogels were appealing due to the high gelation reversibility; 4) the
mechanical properties of physical hydrogels can be readily tuned by the molecular design and
polymer concentration.'?

4.1.2 Multicompartment physical hydrogels

Inspired by eukaryotic cells with multiple subunits which perform different cellular
functions simultaneously,® multicompartment physical hydrogels based with multiblock
copolymeric micelles have attracted increasing research interest.* Multicompartment physical
hydrogels are composed with multiblock copolymers assembled into discrete subdomains
connected by solvophilic bridges as polymeric networks with distinguishable compartments. Many
factors will contribute to the size and structures of multicompartment micelles. For example, the
core-corona interfacial energies and the polymer chain conformations which determined by solvent
and chemical compositions of different polymer blocks. The external environment (e.g. pH,
temperature, etc.) also result in micelles with different shapes and sizes. Different copolymer
micellar structures (e.g. spherical or worm-like micelles, vesicles, etc.) can be achieved through
molecular design by tuning the chemical structures, molecular weight as well as the polymer

architecture.>?®
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Figure 4.1 lllustration of gelation of (a) ABA and (b) thermoresponsive ABC polymers.
Reproduced from Ref.13 with permission from American Chemical Society.
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ABC triblock copolymers have been recently designed to form multicompartment
hydrogels, in which two immiscible hydrophobic blocks (A and C) are separated by a hydrophilic
mid-block (B). ABC triblock copolymers have notable advantage over traditional ABA
copolymers in forming structurally defined hydrogel networks. In ABA copolymer, the
hydrophobic A end-block associate to form micellar cores above the critical micelle concentration
(CMC) with the hydrophilic mid-block back folding to form loops between the same subdomains
to form flower shape micelles. With further increase of the polymer concentration, more inter-
micellar bridges are formed which contribute to the elasticity of the hydrogel network. Above the
critical gelation concentration (CGC), a sharp increase in solution viscosity and thus a formation
of solid-like gel is observed due to the extensive formation of inter-micellar bridges.>*° However,
due to the possible formation of intra-micellar loops and dangling ends, not all hydrophilic blocks
are bridged between different subdomains, resulting in network defects and poor gelation
efficiency.

The structure of ABA and ABC copolymer-based hydrogels have been studied using a
combination of cryo-TEM and small-angle neutron scattering (SANS) experiments. Taribagil et
al. investigated the hydrophobicity effect of end blocks on the morphology of hydrogel networks
using ABC triblock copolymer of poly(1,2-butadinene)-b-poly(ethylene oxide)-b-
poly(perfluoropropylene oxide) (PB-PEO-PFPO) and ABA triblock copolymer of PB-PEO-PB
and PFPO-PEO-PFPO at high polymer concentration of 10 wt % in water. It was found that the
structure of hydrophobic domains as well as the morphology of polymeric networks are determined
by the interfacial tension between water and the hydrophobic blocks. In PB-PEO-PB and PFPO-
PEO-PFPO ABA triblock copolymers, both PB and PFPO hydrophobic end-blocks segregated into

domains bridged by PEO midblock. However, PB end-blocks associated into spherical domains as
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shown in Figure 4.2 (a), which is in contrast to disk-like domains for PFPO in Figure 4.2 (b). In
ABC hydrogel based with PB-PEO-PFPO copolymers, the network structure was determined by
the interfacial tensions between two hydrophobic end-blocks. The disk-like PFPO domains (green
in Figure 4.2 (c)) were embedded into the bi-continuous PB sheet (red in Figure 4.2 (c)), and both

faces of the sheet are cover by PEO loops (blue in Figure 4.2 (c)).1*

Figure 4.2. Schematic representations showing the dependence of network morphology on the end-
groups. 1,2-Polybutadiene (PB), poly(ethylene oxide) (PEO), and poly(perfluoropropylene oxide)
(PFPO) have been represented in red, blue, and green, respectively. The scale bars identify a length
of 5 nm in each cartoon. Reproduced from Ref.11 with permission from American Chemical
Society.

Difference of gelation efficiency between linear ABA and ABC copolymers have been
studied. Shunmugam et al. reported the critical gelation concentration (CGC) of ABA hydrogel
based on poly(methyl methacrylate)-b-poly[oligo(ethylene glycol)methyl methacrylate]-b-
poly(methyl methacrylate) (PMMA-b-POEGMA-b-PMMA) triblock copolymer is 45 wt % which
is significantly higher relative to the ABC hydrogel based with poly (methyl methacrylate)-b-
poly[oligo(ethylene glycol) methyl methacrylate]-b-poly(heptadecafluorodecyl methacrylate)
(PMMA-b-POEGMA-b-PFM) with a 29 wt % CGC.** Zhou et al. reported a poly(ethylene-alt-
propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) (PON) ABC copolymer based
thermo-responsive hydrogels and the gelation behavior was compared to that of poly(N-

isopropylacrylamide)-b-poly(ethylene  oxide)-b-poly(N-isopropylacrylamide) (NON) ABA
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copolymer. The ABC copolymer exhibits a sharper sol-gel transition with a lower CGC of 1 wt %
relative to the ABA copolymer with a 10 wt % CGC.*®

4.1.3 Thermal responsive polymer based hydrogels

Thermo-responsive hydrogels undergo reversible phase transition from free-flowing
solution to free-standing gel (a.k.a. sol-gel transition) upon heating above low critical solution
temperature (LCST). Thermo-reversible polymers having suitable LCST can form gels at human
physiological temperature which is particularly appealing for in vivo uses.

Many thermo-responsive polymers have been reported, such as poly(alkyl vinyl
ethers),’*1> functionalized polyglycidols,*® poly(N,N-diethylacrylamide) (PDEAM),?° etc. The
most widely investigated thermo-responsive polymer is poly(N-isopropylacrylamide) (PNIPAM)
with LCST at ~ 32°C which is close to physiological temperature, and the specific LCST can be
readily tuned with the molecular weight and chemical composition.*”'° Whereas, PNIPAM has
limitation in the application of injectable hydrogels: 1) due to the high hydrophobicity of the
PNIPAM above LCST, PNIPAM based hydrogel undergo undesired syneresis, resulting in the
change of hydrogel structures, mechanical properties and diminished performance in drug
encapsulation.??> Copolymers of PNIPAM with relatively hydrophilic segments (e.g. poly (2-
methacryloyloxyethyl phosphorylcholine) (PMPC), polyethylene glycol (PEG), etc.) were
designed to enhance the gelation behavior of PNIPAM. In addition, PNIPAM is non-biodegradable
in vivo which severely limited its applications as injectable hydrogels.?*?* To address this issue,
biodegradable segment such as polylactic acid (PLA), polyester, poly(e-caprolactone) (PCL)?>2

have been introduced in the design of copolymers based thermo-reversible hydrogels.
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4.1.4 ABC triblock copolypeptoid based thermo-reversible hydrogels

Polypeptoids have been demonstrated as being cytocompatible towards many cell lines, 22
and the polyamide backbone are oxidatively degradable under physiologically relevant
conditions.®® Relative to polypeptides, polypeptoids exhibited enhanced proteolytic stability in
vivo.3! Recent studies show polypeptoids bearing suitable N-substituents can exhibit thermo-
responsive behavior in aqueous solutions. For example, poly(N-alkyl glycine) with 3 carbons in
the N-substituents undergo temperature-induced cloud point transition.*? Xuan et al. reported a
series of ABC-type triblock copolypeptoids, i.e. poly(N-allyl glycine)-b-poly(N-methyl glycine)-
b-poly(N-decyl glycine) (AMD), which can undergo thermo-reversible sol-gel transitions at a wide
range of transition temperatures, depending on their chemical compositions and solution
concentration.?’ It was hypothesized that the gelation occurred in a stepwise manner, in which the
initial micellization of the triblock copolymer was followed by thermo-induced gelation of end-
block A above LCST, resulting in the formation of two-compartment micellar networks. The
hydrogel structure was not fully characterized and the gelation mechanism was not unambiguously
determined.

In this work, I design, synthesize and characterize 1) ABC hydrogels with varying chemical
compositions and chain lengths, 2) and analogous ABC triblock copolymers bearing deuterated
hydrophobic block, and 3) conducted structural characterization of the hydrogels by a combination
of cryo-TEM, SANS, WAXS methods in collaboration with Dr. Naisheng Jiang. The partially
deuterated polymers enable the contrast-matching small angle neutron scattering (SANS)

experiments and elucidation of the hydrogel structures.
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4.2 Experimental

4.2.1 General considerations

All chemicals and solvents were purchased from Sigma Aldrich and used as received unless
otherwise noted. The solvents used for polymerization were further purified by using alumina
columns under argon protection. N-decyl-d21-amine was synthesized by P. Bonnessen from Center
for Nanophase Materials Sciences (CNMS) in Oak Ridge National Lab (ORNL). Deuterium oxide
(D20, 99.8 atom % D), deuterated dichloromethane (CD2Clz, 99.8 atom % D), deuterated
chloroform (CDCls, 99.95 atom % D), and deuterated dimethyl sulfoxide-ds (DMSO-ds, 99.9 atom %
D) were purchased from Cambridge Isotope laboratories. Deionized water for hydrogel preparation
was further purified by Nanopure Bioresearch water purification system with a resistance of 17.8-
17.9 MQ-cm from Barnstead Lab Water Products. *H and 2H NMR was collected by Bruker AV-
400 111 spectrometer at 298K and analyzed using Topspin software. Chemical shifts () given in
parts per million (ppm) were referenced to protio impurities of deuterated solvents.

4.2.2 Synthesis of N-substituted N-carboxyanhydride (NCA) monomers

Three NCA monomers including N-allyl glycine derived N-carboxyanhydride (Allyl-NCA)
and N-methyl glycine derived N-carboxyanhydride (Me-NCA) and N-decyl glycine derived N-
carboxyanhydride (De-NCA) have been synthesized by adapting a published procedure.?” H
NMR for these monomers were shown in Figure 4.3 and Figure S4.1-S4.3.

4.2.3 Synthesis of deuterated N-decyl-d21 substituted N-carboxyanhydride (Decyl-d2:-NCA)
monomer

Synthesis of 2-(n-decyl-d21-amino)acetic acid hydrochloride Glyoxylic acid
monohydrate (1.168g, 12.69 mmol) was added in CH2Cl, with stirring at 400 rpm until the solid
is fully dissolved. N-decyl-d»;:-amine (1.132g, 6.34 mmol) was added into the above solution and
the reaction was stirred at 300 rpm at room temperature for overnight. The volatiles were removed
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under vacuum to afford a faint yellow oil. 4N HCI aqueous solution (12.68 ml) was added and the
mixture was refluxed at 90 °C for overnight. The water was removed using rotary evaporation to
afford a faint yellow solid which was further purified by recrystallization using methanol/ THF
(v/v=1:8) at 4 °C for twice to yield a white solid (Compound 1 in Scheme 4.1) (0.918 g, 56.1 %
yield). *H NMR (& in DMSO, 400 MHz, ppm): 3.83 (s, -COCH>-), 9.06 (s, -HNHCI). ?H NMR (&
in DMSO, 400 MHz, ppm): 0.74 ppm (t, CD3(CD.);CD2CD2-); 1.13 ppm (m,
CD3(CD2)7CD2CD2-).

Synthesis of 2-(N,N-tert-butoxycarbonyl-n-decyl-d21-amino)acetic acid Compound 1
(Scheme 4.1) (0.918 g, 3.55 mmol), di-tert-butyl dicarbonate (1.937 g, 8.88 mmol) and
triethylamine (2.66 ml, 17.75 mmol) were dissolved in DI water (17.75 ml) and stirred at 25 °C
for 18 h. The reaction mixture was extracted with hexanes (3 x 10 ml) to remove extra di-tert-butyl
dicarbonate. Note that an emulsion layer was formed between the aqueous and hexanes phases in
the presence of amphiphilic Compound 1, which was not collected, thus resulting in the partial
loss of the products. The aqueous phase was isolated and acidified with 4N HCI till pH =4 at 0°C.
The aqueous solution was further extracted with ethyl acetate (3 x 10 ml). The separated organic
layer was washed with brine and dried over anhydrous MgSQOa. After filtration, the volatiles were
removed under vacuum to afford the desired product as a colorless oil (Compound 2 in Scheme
4.1) (0.360 g, 30.2 % yield). *'H NMR (& in CDCls, 400 MHz, ppm): 3.96 and 3.87 (s, -COCH,-);
1.46 and 1.42 (s, -(CHs)s). 2H NMR (8 in CDCls 400 MHz, ppm): 0.76 ppm (t,
CD3(CD2)7CD2CD2-); 1.17 ppm (m, CD3(CD2)7CD2CD>-); 1.40 (m, CD3(CD2)7CD2CD>-), 3.15
(m, CD3(CD2)7CD,CD>-).

Synthesis of N-Decyl-d21 N-carboxyanhydride Compound 2 (Scheme 4.1) (0.360 g, 1.07

mmol) was dissolved in anhydrous CH2Cl> (5.4 ml, 0.2 M) under nitrogen at 0°C, and phosphorus
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trichloride (78 pl, 0.89 mmol) was added dropwise with a stirring at 300 rpm. Under nitrogen
atmosphere, the reaction mixture was stirred at 0°C for 1 h before warmed to room temperature
for additional 3 h. The reaction mixture was concentrated and purified by running a silica plug. A
white oily crude product was formed after removing the volatiles under vacuum. In glovebox, the
crude product was extracted using anhydrous CH2Cl2 (3% 30 ml) and the insoluble residues were
filtered off. The collected clear solution was stirred with CaH (40 mg, 0.95 mmol) for 20 min to
remove the acidic impurities. Volatiles were removed under vacuum and the crude product was
further purified with recrystallization twice with CH2Cl./hexanes (v/v = 1: 10) at -20 °C. to afford
a white solid (Monomer M in Scheme 4.1) (62.7 mg, 22.3 % yield). *H NMR (5 in CDCls, 400
MHz, ppm): 4.11 (s, -COCH2-); 2H NMR (5 in CDClz 400 MHz, ppm): 0.80 ppm (t,
CD3(CD2)7CD2CD2-); 1.17 ppm (m, CD3(CD2)7CD2CD>-); 1.51 (m, CD3(CD2)7CD2CD>-), 3.34 (t,
CD3(CD2)7CD2CDy-).
4.2.4 Synthesis of AMD and AMd triblock copolypeptoids

Poly(N-allyl glycine)-b-poly(N-methyl glycine)-b-poly(N-decyl glycine), namely as AMD
and poly(N-allyl glycine)-b-poly(N-methyl glycine)-b-poly(N-decyl-d2: glycine), namely as AMd
were synthesized by the benzyl amine-initiated ring-opening polymerization of the corresponding
N-substituted N-carboxyanhydrides (R-NCAs) in a sequential manner.2’*44 A representative
procedure for the synthesis of A100M101D10 triblock copolypeptoid is shown in Scheme 4.2. In the
glovebox, stock solutions of Ally-NCA (M1, 564 mg, [M1]o = 0.4 M), Me-NCA (M2, 460 mg, [M2]o
=0.4 M), De-NCA (M3,964 mg, [Ms]o = 0.4 M) in anhydrous acetonitrile (CH3CN) were prepared
in 10 ml volumetric flasks respectively. Benzyl amine stock solution (lo, 32.7 mg, [IJo=61.03 mM)
in anhydrous THF was prepared using a 5 ml volumetric flask. Initiator stock solution lo (200 pl,

0.012 mmol, [M1]o: [1]Jo = 100) was added into M3 (3.05 ml, 0.172 g, 1.22 mmol, [M1]o = 0.4 M)
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at 50°C under nitrogen atmosphere for 48 h to reach complete conversion. An aliquot of the
reaction mixture was taken to confirm the conversion of polymerization for each block as tracked
by monitoring the disappearance of -C=0 peak at 1780 cm™ and 1740 cm in the reaction aliquots
taken over time using FT-IR spectroscopy, prior to the successive additions of Me-NCA (M, 3.05
ml, 0.087 g, 1.22 mmol, [M2]o = 0.4 M) and De-NCA stock solutions (Ms, 0.305 ml, 0.024 g,
0.122 mmol, [Mz]o = 0.4 M) in a sequential manner. The polymerization reactions of M and D
blocks were conducted at room temperature in anhydrous CH3CN. (Note: polymerization time
varied depending on different [Mi]o : [M2]o : [Ms]o and [Mi+M2+Ms]o : [I]o). After the
polymerization was completed, the volatiles were removed under vacuum to afford a crude
polymer, which was purified by re-dissolution in DCM and subsequent precipitation in THF. The
polymer was isolated by centrifugation and dried under vacuum to yield a white powder (0.205 g,
90.0 %).

The triblock copolymer composition was determined by *H NMR spectroscopy using end-
group analysis. For AMD copolymers, DP,, of each block was calculated based on the integration
information of the characteristic peaks. DP, (A) = (5 x integration of -CH=) / (1 x integration of
CeHs); DPn (M) = (5 x integration of 2-CH3) / (3 x integration of -CsHs); DPn (D) = (5 x integration
of -°CHs) / (3 x integration of -CsHs). Here a and b refer to the methyl protons in M and D blocks
respectively). For AMd copolymers, the deuteriums at the side chain of d segment are invisible in
'H NMR spectrum, but the -CH2 on the backbone are still hydrogenated which can be used to
conduct the end group analysis to obtain the DP, of d segment in *H NMR. Therefore, DP, (d) =

(5 x (integration of -COCH2N-) — DPn(A) — DPn(M)) / (2 x integration-CeHs).
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4.2.5 Size-exclusion chromatography (SEC)

SEC experiments were performed in DMF with 0.1 M LiBr at 25 °C with a flow rate of 0.5
ml/min. AMD or AMd polymers were prepared into 5 mg/ml solution in SEC solvent and left to
stand for overnight. The polymer solutions were filtered with 0.45 um PTFE filters before injecting
into the SEC system. SEC analysis was performed using an Agilent 1200 system equipped with
three Phenomenex 5 um, 300 x 7.8 mm columns, a Wyatt DAWN EOS multiangle light scattering
(MALS) detector (GaAs 30mW laser at A = 690 nm) and Wyatt OptilabrEX differential refractive
index (DRI) detector. The data analysis was performed using Wyatt Astra V 5.3 software. The
PDI were obtained using polystyrene standards. The SEC traces were shown in Figure 4.6 and the
results of SEC analysis were in Table 4.1.

4.2.6 Preparation of the AMD and AMd aqueous solutions/hydrogels

Agueous solutions (1 wt % and 5 wt %) of AMD or AMd triblock terpolypeptoids in
deuterium oxide (D20) (99.8% D-O, Cambridge Isotope Laboratories, Inc., Andover, MA, USA)
or nanopure water were prepared via the “thin film hydration” method.> ® Briefly, the polymers
were first dissolved in CH>Cl> in a glass vial. The volatiles were dried under nitrogen flow to yield
a formation of polymer thin film. The dried thin film was then hydrated with D.O or H2O to
achieve the targeted concentration. The solution mixture was subsequently stirred at room
temperature for at least 12 hours with the stirring rate of 300 rpm before further characterizations.
4.2.7 Cryo-transmission electron microscopy experiment

Cryo-TEM imaging was conducted using a FEI G2 F30 Tecnai TEM operated at 200 kV.
1 wt % of A100M101D10 and A101M107D21 polymer aqueous solutions were prepared as described in
4.2.6. To catch the morphology at high temperature, the polymer aqueous solutions were heated at

40°C for 10 min and 5 pl of the sample was quickly transferred to a 200-mesh lacey carbon grid
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(Electron Microscopy Sciences) mounted on the FEI Vitrobot to blot for 2 seconds and quickly
quenched into liquid ethane.

4.2.8 Small-angle neutron scattering (SANS) experiment

SANS data were collected using two SANS instruments, namely the NGB 30m-SANS
instrument and the NG3 vSANS instrument at the National Institute of Standards and Technology
Center for Neutron Research (NCNR) in Gaithersburg, MD. For the NGB 30m-SANS instrument,’
two neutron wavelengths, A = 6 A and 1 = 8.4 A (AMA ~ 0.14) with sample-to-detector distances
of 13.2 m, 4.00 m and 1.33 m (wide-angle detector) were used to cover an effective g-range of ~
0.001to 0.47 A, where q is the scattering vector (q = 4nsiné/ A). For the NG3 vSANS instrument,
a neutron wavelength of 2 =11 A (AMA ~ 0.12) with sample-to-detector distances of 4.5 m and
18.5 m were used to cover an effective g-range of ~ 0.0013 to 0.48 A™*. All samples were measured
in custom-made titanium cells with quartz windows and a path length of 2 mm, which were
mounted on a temperature-controlled multiple position sample holder. The temperature of the
sample holder was controlled by using a water circulation bath system in a range of 15 - 60 °C
with accuracy better than 0.1 °C. To ensure the equilibrium of the samples at the given
temperatures, we waited for 30 min prior to each SANS measurements. A typical SANS data
reduction protocol was used to correct for empty sample cell, background radiation, detector
sensitivity, instrument dark current and sample transmission by using the Igor Pro 6.37 software
(WaveMetrics, Inc., Lake Oswego, OR, USA) incorporated with data reduction macros.® Note that
the incoherent scattering of solvent (i.e. D.O or D20O/H>O mixture) was not subtracted from each
data, but was included as an g-independent background term in the model fitting. The reduced one-
dimensional SANS intensity profiles 1(g) vs. q were scaled to an absolute cross section (units of

cm?).
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Additional SANS data were collected using the Bio-SANS instrument® of the High Flux
Isotope Reactor (HFIR) at Oak Ridge National Laboratory (Oak Ridge, TN). Two neutron
wavelengths, 2 = 6 A and 4 = 18 A with AA/A ~ 0.15, and sample-to-detector distances of 15.5 m
(small-angle detector) and 1.1m (wide-angle detector) were used to cover an effective g-range of
~ 0.001 to 0.8 Al Both detectors are two-dimensional (2D) position-sensitive detectors
configured to provide a wide g-coverage in a single setting. All samples were measured in quartz
“banjo” cells (Hellma USA, Plainview, NY) with a path length of 2 mm mounted on a temperature-
controlled multiple position sample holder. A typical SANS data reduction protocol was used to
correct for instrument dark current, detector sensitivity, detector geometry, incident beam
normalization and sample transmission by using the facility supplied data reduction software
Mantid.'® Reduced data were azimuthally averaged and merged from the two-detector setting to
produce the one-dimensional SANS intensity profiles I(g) vs. g and scaled to absolute units.

The SasView software package (version 4.2.2) available at https://www.sasview.org/ was
utilized to fit the data with suitable models. Instrumental smearing effects for SANS are included
during SANS data analysis by convolving the scattering intensity with the SANS instrumental
resolution function,® which are included in the SasView program.

4.3 Results and discussion
4.3.1 Synthesis and characterization of AMD and AMd triblock copolypeptoids

Poly(N-allyl glycine)-b-poly(N-methyl glycine)-b-poly(N-decyl glycine) (AMD) triblock
copolypeptoids have been synthesized using benzyl amine-initiated
ring-opening polymerization of the corresponding N-substituted N-carboxyanhydrides (R-NCAS)
in a sequential manner by adapting a reported procedure as shown in Scheme 4.2.%” *H NMR of

Al-, Me-, and De-NCA monomers were shown in Figure 4.3 (a)-(c), and the detailed chemical
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shift and integration information were included in Figure S4.1-S4.3. Two AMD polymers with
targeted composition of A1c0M100D10 and Ai00M100D20 Were designed and synthesized to elucidate
the effect of chain length and crystallization of hydrophobic segment (D) on the micellar

morphology.

Scheme 4.1. Synthetic scheme of Decyl-d21-NCA monomer
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Scheme 4.2. Synthetic scheme for AMD and AMd triblock copolypeptoids.
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To further investigate the thermally induced structural evolution of AMD polymer in
aqueous solutions, we intended to conduct temperature-dependent SANS as well as contrast
matching SANS experiments using AMd, which is analogous to AMD polymers bearing
deuterated D segments. To enable the contrast matching SANS experiments, De-NCA monomer
with deuterated decyl N-substituent was synthesized (a.k.a. De-d2:-NCA) for the first time by
adapting a reported procedure outlined in Scheme 4.1.2” The molecular structures of the precursors
(Compound 1 and 2) and De-d2:-NCA monomer (M) were verified by a combination of *H and ?H

NMR spectral analysis (Figure S4.4-S4.9). The chemical shifts of the De-d21-NCA precursors (i.e.
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Figure 4.3. 'H NMR spectra of (a) AI-NCA, (b) Me-NCA and (c) De-NCA monomers in CDCls,
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Figure 4.4. (a)'H-NMR and (b) 2H-NMR spectra of De-d21:-NCA monomer in CDCls,
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Compound 1, Compound 2) in *H and 2H NMR spectra are summarized in section 4.2.3. For De-
d21-NCA monomer, only the -COCH_- protons appeared at 4.11 ppm in the *H NMR spectrum
(Figure 4.4 (a)). The deuterated N-C1od21 group that are invisible in the *H NMR spectrum can be
clearly observed in the 2H NMR spectrum (Figure 4.4 (b)). The deuterium signals due to N-C1od21
group appeared in the similar chemical shift range in the 2H NMR spectrum (Figure 4.4 (b)) as the
protons of N-CioHz1 group of De-NCA in *H NMR spectrum (Figure S4.3), supporting the

successful synthesis of De-d21-NCA.
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Figure 4.5. 'H NMR spectra of (a) A100M101D10 and (b) AgsMogdg in CD,Cla.

AMd polymers were synthesized using benzyl amine-initiated ring opening polymerization
with the same initial monomer-to-initiator ratio of [M1]o:[M2]o:[M3]o:[I]Jo as AMD polymers, and
the polymer compositions were verified by end-group analysis using *H NMR spectroscopy. Note

94



that the end group analysis for AMd and AMD copolymers are different. The methods to calculate
DP, (A) and DPy, (B) are the same for both AMD and AMd copolymers: DP, (A) = (5 x integration
of —-CH=) / (1 x integration of C¢Hs); DP, (M) = (5 x integration of 2-CH3) / (3 x integration of -
CeHs), where a refer to the methyl protons in M block. By contrast, the method to calculate DP;,
(D) and DP;, (d) are different. For AMD copolymers, DP, (D) = (5 x integration of -°CHz) / (3 x

integration of -CeHs). Here b refers to the methyl protons in D block. For AMd copolymers, since

Table 4.1 Molecular characteristics of AMD and AMd triblock copolypeptoids

Samples” [Mi]o:[M2]o:[M3]o:[1]o° | M (theor.) | My (NMR) | M, (SEC) PDI¢
(kDa)* (kDa)“ (kDa)¢

A100M101D1o 100:100:10 18.9 18.9 37.0 1.08

AgsMoodg 100:100:10 18.9 18.2 43.1 1.15

A101M107D21 100:100:20 20.8 21.6 37.8 1.11

AgsMiosdis 100:100:20 20.8 20.7 45.3 1.18

& The numbers in subscripts correspond to the DP;, of each individual block determined by end-
group analysis using *H NMR spectroscopy in CD-Cl,. b. Initial monomer-to-initiator ratio. c.
Theoretical molecular weights were calculated from the initial monomer-to-initiator ratio. d.
M determined by *H NMR analysis. e. M, and PDI determined by the SEC-DRI method using
polystyrene standards (0.1 M LiBr/DMF at 25°C).

the deuteriums at the side chain of d segment are invisible in *H NMR spectrum (Figure 4.5 (b)),
but the -CH> on the backbone are still hydrogenated which can be used to conduct the end group
analysis to obtain the DP, (d) in *H NMR. Therefore, DP;, (d) = (5 x (integration of -COCH:N-)
—DPn(A) — DPy(M)) / (2 x integration-CgHs). The *H NMR spectra of AMD and AMd copolymers
were shown in Figure S4.10-S4.13 and the polymer compositions determined by end-group

analysis were summarized in Table 4.1, which agree well with the targeted compositions. The
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polymer size and distributions were analyzed using SEC-DRI in DMF with 0.1 M LiBr at 25 °C,
and the results in Figure 4.6 show that all polymers exhibit narrow distributions with low
polydispersity in the 1.08-1.18 range, indicating that polymerization has occurred in a controlled

manner (Table 4.1, Figure 4.6).
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Figure 4.6. SEC-DRI chromatograms of AMD and AMd triblock copolypeptoids in DMF with
0.1 M LiBr at 25°C.

4.3.2 Structural evolution of AMD triblock copolypeptoids in aqueous solutions

The preparation of polymer solutions and the corresponding hydrogels were described in
section 4.2.6. Both AMD and AMd triblock copolypeptoids used in this study undergo thermo-
reversible gelation in DO or H20 by visual observation. The 5 wt % solutions of AMD form
freestanding opaque gels upon heating in the 30 - 40 °C range, which return to a free-flowing liquid
state after cooled down to room temperature. To better understand the structural evolution during
the sol-gel transition, temperature-dependent SANS experiments and cryo-TEM analysis of

aqueous solutions of selected AMD and AMd copolymers were conducted.
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Figure 4.7. Representative cryo-TEM images of A100M101D1o (&, b) in aqueous solutions (1wt %)
vitrified from 40 °C (T>Tge).

It was previously shown that the sol-gel transition temperature for 1 wt % Ag2MoasD12
polymer solutions is at ~ 27.2°C, and the polymer segregated into spherical micelles with an
average diameter of 13 + 1 nm at T < Tge.2” As a result, the SANS data of an aqueous solution of
A100M101D10 (1wt %) were first collected at 20°C and 60°C, which is below and above the gelation
temperature (Tger), respectively, as shown in Figure 4.8 (a). In collaboration with Dr. Naisheng
Jiang, the SANS data were further analyzed to obtain the relevant structural parameters of the
polymer solutions. At 20 °C, the SANS profile can be well fitted with a typical core-shell spherical

micelle model developed by Pedersen and co-worker,®37 in which the total coherent scattering is
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Figure 4.8. SANS profiles of (a) 1 wt % A100M101D10 in D20 and (b) 1 wt % AgsMogdg in D20O/H.0
with 93.8 % DO (i.e., d contrast matched condition) measured at 20 °C (T<Tgel) and 60 °C (T>Tgel).
The solid curves correspond to the best-fits to the data. The profiles at 60 °C were shifted vertically
for clarity by multiplying 10.
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described as a function of a micelle form factor and a monodisperse hard-sphere structure factor.

The core radius (R¢) = 4.5 + 0.2 nm and the radius of gyration of the Gaussian corona chains (Rg,

chain) = 5.0 £ 0.2 nm was obtained based on the fitting result. The average aggregation number
(Nagg) of polymer chains in a single micelle of A100M101D10Was estimated as Nagg = 92. The hard-

sphere radius (Rns) is estimated to be 6.1 & 0.2 nm, which is in good agreement with the size
obtained from cryo-TEM analysis which is 6.5 = 0.5 nm. The overall micellar size (Rns) obtained

is much less than R¢ + 2Rg chain, indicating a high degree of interpenetration of AiooMio1 cOrona
chains among micelles.

Upon heating the free-flowing 1wt % A100M101D10 micellar solution to T > Ty, (T =60 °C),
two distinct scattering peaks at g = 0.022 and 0.040 A appeared as shown in Figure 4.8 (a), which
corresponds to the di and d2 spacing in Figure 4.9 (c) respectively, indicating the occurrence of
two distinct compartments in the hydrogel networks.3® As illustrated in Figure 4.9 (c), the thermo-
responsive A block dehydrated into a discrete micellar domain upon heating at T > Tger. Therefore,
the dehydrated A and hydrophobic D domains are alternatively segregated and bridged by the
hydrophilic M segments, giving rise to two characteristic length scales in the spatial correlation
corresponding to the two scattering peaks at 60 °C in Figure 4.8 (2). In addition, cryo-TEM analysis
of 1wt % A100M101D10 aqueous solution vitrified from temperature (i.e., 40°C) above the gelation
temperature (Figure 4.7 (a) and (b)) also revealed the presence of spherical micelles with an
average radius of 7 + 1 nm, consistent with the formation of micellar networks.

To further elucidate the structure of micellar domains of A block, the contrast matching
analysis of d segment was conducted by SANS using a site-selectively deuterated analog of
A100M101D10 polymer bearing deuterated hydrophobic segment, i.e. AgsMogdg block copolymers.

To contrast matching the d segment, H20 (6.2 v%) was mixed with the background solvent D>O
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(93.8 v %) to match the scattering length density of the target deuterated d segment. By contrast
matching the d segment, the deuterated d block micellar structures become invisible under neutron,
and the scattering profile is only predominated by the domains from dehydrated A block.

As shown in Figure 4.8 b, when the d block is contrast matched, the scattering peak at q =
0.040 A from the micellar core-shell structure disappeared at T =20 °C (T < Tgel). Upon heating
the solution to T = 60 °C (T > Tgel), Only one major scattering peak is discernible at q ~ 0.03 A’
in the intermediate g range. Since the hydrophobic d spheres are contrast-matched out, the
observed single scattering peak is related to the spatial correlation of the dehydrated A spheres,
which serve as one of the physically cross-linked junctions in the hydrogel network. Based on the
fitting result, the core radius of dehydrated A sphere (Rc, a) is 7.2 nm at 60 “C which still contains
50.0 vol% of D20, indicating A is only partial dehydrated. The number fraction ratio, i.e., total
number of A spheres relative to D sphere, was estimated to be 0.72, which suggests that D form
slightly more junction points than A blocks in the two-compartment network.

The temperature-dependence of the SANS curves for A1poM101D10in DO and AgsMggdg in
D20/ H20 at T > Tger were shown in Figure 4.9. For A1ooM101D1o in Figure 4.9 (a), a continuous
intensity increase as a function of temperature for the primary scattering peak near g = 0.022 A
was observed, while the secondary peak near g = 0.040 A’ remain nearly unchanged during the
heating process. Since the primary peak is mainly associated with the spatial correlation among D
spheres, the increase of the primary peak intensity reveals the enhanced inter-micellar ordering of
D domains with increasing temperature. For AgsMogdg in Figure 4.9 (b), when the d block is
contrast matched, the dehydrated A spheres dominate the SANS intensity near mid-q region. The
single scattering peak from dehydrated A domains gradually intensifies and shifts towards lower

g with increase of temperature. Based on the fitting result, the core radius of A sphere (Rc, a)

99



gradually increases from 6.0 nm with aggregation numbers Nagg, o= 34 at 30 °C t0 Rc, o = 7.2 nm
with Nagg, A = 47 at 60 °C, indicating the A block assembled into larger aggregated micelles with

temperature increase.
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Figure 4.9. (a) SANS profiles of 1 wt % A100M101D10 in D20 and (b) 1 wt % AgsMoedg in D20/H20
with 93.8 % DO (i.e., d contrast matched condition) measured during heating process at T > Tgel.
(c) Proposed structural change of AMD during temperature induced sol-to-gel transition.

Based on the above results, the structural evolution of the hydrogel network as a function

of temperature can be concluded. At T < Tg, AMD polymers aggregated into core-shell spherical
micelles. With temperature increase above Tge, the A block dehydrated to form spherical micellar
domains. With temperature further increase, the A spheres continue to dehydrate and more A
blocks are aggregated into lager micellar cores. This process facilitates the reorganization of the
D spheres, leading to more ordered inter-micellar structures in the two-compartment hydrogel
network, as illustrated in Figure 4.9 (c).
4.3.3 Effect of core-forming D block content on the micellar morphology

We further investigated the effect of molar fraction of core-forming D block on the

structures of the two-compartment hydrogel networks using the SANS method. Previously cryo-
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TEM analysis has revealed the presence of rod-shaped micelles in the aqueous solution of
AgsMggD1s copolymers (molar fraction of D segment = 8.9%) below the gelation temperature.?’
This is in contrast to that for the Ags2MasD12 copolymers (molar fraction of D segment = 4.7%)
solution where only spherical micelles were observed below the gelation temperature. It is
hypothesized that longer or higher molar fraction of comb-shaped D segments can promote
crystallization within the micellar core, resulting in the formation of elongated micellar building
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Figure 4.10. SANS profiles of (a) 1 wt % A100M107D21 in DO measured at 20 °C (T < Tger). The
solid curves correspond to the best-fits to the data. The profiles at 60 °C were shifted vertically for
clarity by multiplying 10. (b) WAXD intensity profiles for the AgsMogdy (red line) and AgsM105d1s
(blue line) in 1 wt % aqueous solution measured at 20 °C.

block in the network.3®** In this study, we further characterized the solution structure of
A101M107D21 copolymer (molar fraction of D segment = 9.2%) that has comparable composition as
that of AggMgsgD1s copolymer above the gelation temperature by the SANS and cryo-TEM methods.

The SANS profiles of A101M107D21 polymers in water (1wt %) collected at 20 °C can be
well fitted using a core-shell cylindrical micelle model®33%4% with the radius of the cylindrical core

estimated to be 4.5 + 0.2 nm, as shown in Figure 4.10 (a). The formation of cylindrical micelles

was presumably driven by the formation of liquid crystalline domain of D segments. Wide-angle
X-ray diffraction (WAXD) analysis of an aqueous solution of AgsM105018 cOpolymers revealed the

presence of a sharp diffraction peak (001) at q = 0.22 A that are characteristics of liquid crystalline
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Figure 4.11. Representative cryo-TEM images of A10:M107D21 (&, b) in aqueous solutions (1wt %)
vitrified from 40 °C (T>Tge).

packing of the comb-shaped polypeptoid polymers (d segments) (Figure 4.10). This is in in sharp
contrast to the aqueous solution of AgsMgeds Where the (001) diffraction peak at q = 0.22 Atis
significantly diminished. In addition, while WAXD peaks typically associated with the higher
order diffraction (003) or (100) diffraction are discernable at = 0.75 and 1.4 A%, these diffractions
are weak and ill-defined, indicating the lack of long-range ordering in the cylindrical micellar cores
of AgsM10sd1s. 3334

In addition, cryo-TEM analysis of 1wt % A10:M107D21 aqueous solution vitrified from
temperature (i.e., 40°C) above the gelation temperature (Figure 4.11 (a) and (b)) also revealed the
presence of a mixture of spherical and cylindrical micelles. The cylindrical micelles are
presumably from hydrophobic D block, which exhibited an average cross-sectional radius of 4 +

1 nm (T =40 °C) by cryo-TEM analysis, which is comparable to that (4.2 + 0.2 nm) (T= 60°C)

determined by SANS analysis. The average length of the cylindrical micelles is estimated to be ~
50 nm by cryo-TEM analysis.
4.4 Conclusions

In this work, AMD thermoresponsive triblock polymers with varying chemical
compositions and their site-selectively deuterated counterparts have been synthesized and

characterized. SANS and cryo-TEM analysis were conducted to elucidate the structural changes
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during the sol-gel transition of these polymers in aqueous solution. Analogous AMD polymers
bearing deuterated hydrophobic block (d) were synthesized to further verify the bi-compartmental
micellar network structure of the hydrogels by contrast-matching SANS experiments. At room
temperature, the triblock copolypeptoids self-assemble into core-shell type of micelles with either
spherical or cylindrical shape in aqueous solution, as determined by the molar fraction of core-
forming D block. When heated above the gelation temperature (Tger), the formation of two-
compartment hydrogel network consisting of distinct micellar cores of dehydrated A and
hydrophobic D was unambiguously revealed. The detailed structural parameters of the network
were obtained by SANS model fitting. At T > Tgel, the hydrogel was shown to undergo continuous
structural reorganization with increasing temperature, leading to more ordered bicompartmental
micellar networks.
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Figure S2.1. *H NMR spectrum of PNMeOEtGss-r-PNDG2o (74-0.27) random copolypeptoid in
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Figure S2.2. *H NMR spectrum of PNMeOEGtss-r-PNDGas (60-0.25) random copolypeptoid in
CDCls.
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Figure S2.4. 'H NMR spectrum of PNMeOEtGgi1-r-PNDG:15 (96-0.16) random copolypeptoid in

CD.Cl..
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Figure S2.5. *H NMR spectrum of the PNMeOEtgg (99-0.00) random copolypeptoid in CD,Cl.

Figure S2.6. Normalized G(t) for HMP-0.27 polymers (DP, = 34- 100) aqueous solution at 5

mg/ml.
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Figure S2.7. Normalized G(t) and decay time distributions for HMP-0.27 polymers with varying
molecular weights (DPn = 34 - 100) in water at 5mg/ml. The decay time distribution was analyzed
using MEM analysis method.

Figure S2.8. Cryo-TEM images of 5 mg/ml aqueous solutions of (a)-(b) 100-0.27 and (c)-(d) 34-
0.29 polymers.
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Table S2.1. Sizes of HMPs in aqueous solutions

polymer? Rn1 (nm)° Rh2 (nm)©
100-0.27 3.8x0.3 845%0.2
60-0.25 49+04 72.1+04
34-0.29 35204 20.1£0.3
96-0.16 39+x04 75.8+0.5

& The sizes of HMP polymers at 5 mg/ml in aqueous solutions were measured by DLS and
analyzed using MEM methods. Polymer aqueous solutions were prepared using DCM thin film
hydration method followed by stirring at 350 rpm at 25°C for overnight and filtered through 0.45
um PES syringe filters before DLS measurement. ® Rni represents the hydrodynamic radius
corresponding to the intensity distribution peak at lower decay time. © Rn2 represents the
hydrodynamic radius corresponding to the intensity distribution peak at higher decay time.

Table S2.2. Sizes of HMPs and lipid complexes (HMP+lip)

polymer/lipid complex Rh1 (nm)? Rh2 (hm)
100-0.27+lip 9.2+0.5 102.3+0.5
60-0.25+lip 7.2+0.6 70.5+0.5
34-0.29+lip 4905 33.6+04
96-0.16+lip 11.4+0.7 1253+0.2
99-0.00+lip N/A 76.1+04

& The sizes of HMP polymer and lipid complexes (HMP+lip) were analyzed using MEM analysis
method based on the results of DLS measurements. ® Rn; refers to the hydrodynamic radius
corresponding to the intensity distribution peak at lower decay time. “ Rn refers to the
hydrodynamic radius corresponding to the peak at higher decay time.
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Figure S2.11. Cryo-TEM images E. Coli liposomes (a) before and (b) after addition of 92-0.22
polymers.
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APPENDIX C. SUPPLEMENTAL INFORMATION FOR CHAPTER 3
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Figure S3.1. FT-IR spectra of (a) the pristine HNTs (p-HNTS), (b) initiator modified HNTs (HNT-

NHz) and homo- or copolypeptoid-grafted HNTs [i.e., () Mioo; (d) MgoB1o; (€) MgoD1o]
respectively.

0-
104
17.0%
20 18.7 %
§ .+ p-HNTs
5 - HNT-NH,
L
-%’ 304 * Mg
= 5 M90D1o
"+ MaoDzo ; 411 %
404 - MgB,, 1350 °C 433%
& 0
6.2 %

L) ] L) L) ] L
100 200 300 400 500 600
Temperature (°C)

Figure S3.2. Thermograms of pristine HNTs (p-HNTSs) and varying polypeptoid-grafted HNTSs (g-
HNTSs) prepared with same initial monomer-to-HNTs-NH; feed ratio (f = 2.5) from TGA. The

most rapid weight loss temperature is at ~ 350 °C, in agreement with the reported decomposition
temperature (Tq) of free poly(N-alkylglycine).”0"
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Figure S3.3. Thermograms of pristine HNTs (p-HNTSs) and two Migo-g-HNTSs samples that were
prepared by using two different initial monomer-to-initiator molar ratio (i.e., f = 2.5 for I-Mz00-g-
HNTs and f = 5 for h-M100-g-HNTS) by TGA. The weight percentages of polypeptoids grafted on
the g-HNTSs were shown to increase from 29.0% to 40.7% as the initial monomer-to-HNT-NH:
ratio increases from 2.5 to 5.
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Figure S3.4. Energy-dispersive X-ray spectroscopic (EDS) analysis of p-HNTS, M1oo-, MgoD10-
and MgoD20-g-HNTs samples. The emergence of N atom signals and an increased relative atomic
content of C and O atom relative to the pristine HNTs support the successful grafting of
polypeptoids onto the HNT surface. The C signals of the p-HNTSs were due to the carbon coating
on the TEM grid.
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Figure S3.5. Full *H-NMR spectrum of the MsoB2o polymer that was cleaved off from MgoB2o-g-
HNTSs by HF treatment.

0 increases with polymer hydrophobicity
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Figure S3.6. Three-phase contact angle (0) measurement amongst n-dodecane, artificial sea water
(ASW) and pristine-HNT (p-HNTSs) or various polypeptoids-grafted HNTs. 6 was found to
increase from (a) < 10 ° for p-HNTs to (b) 42 £ 5 ° for the homo-polypeptoid-grafted HNTs (M1oo)
and further up to 146 + 1° for copolypeptoid-grafted HNTs (MsgoD2o). This indicates that the
wettability of the HNTSs at the oil-water interface can be effectively controlled by the grafting of
polypeptoids with varying HLB characteristics on the HNT surface.
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various polypeptoid-grafted HNTs versus the HLB parameter of the corresponding polypeptoids
(Table 3.1).
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Figure S3.8. Additional TEM images of (A, B) p-HNTSs, (C-E) MgoB10-g-HNTs and (F-H) MgoD10-
g-HNTSs in dry state. In contrast to pristine HNTs showing a smooth external surface (A, B), a low
electron density layer on the external surface of the g-HNTs were observed indicating the
successful polymer grafting (C-H).
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Figure S3.9. Cryo-TEM images of MgoB1o-g-HNTS in artificial saline water (0.5 wt%).
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Figure S3.10. (A) Plot of emulsion index (EI) versus time for oil-in-ASW emulsions containing p-
HNTS, Mioo-, MgooB1o-, MgoB20-, MgaoD10- and MgoD20-g-HNTS respectively. (B) Optical images
show the oil-in-ASW emulsions containing the respective p-HNTs or g-HNTs at 1 h (day 1) or
336 h (day 14) time point.
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Figure S3.11. (a-d) Cryo-SEM images of the oil-water interfaces of n-dodecane/saline water
emulsion stabilized by pristine-HNTs or (e-h) MooD10-g-HNTS, respectively. The oil-water
interfaces were found to be covered with the flocculated HNT particle networks. In addition, the
morphology of the particles differs before (a-d) and after (e-h) polymer functionalization. Polymer
functionalization of HNTs has resulted in a more extended and interconnected HNT particle
networks at the o/w interfaces.
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Figure S3.12. A. borkumensis cell growth study in the presence of p-HNTs, M100-, M90B10-,
M80B20-, M90D10- and M80D20-g-HNTSs respectively without any endogenous nitrogen source
in the ONR7a culture medium. 1% w/v n-hexadecane was added in each sample as carbon source.
One control group was designed without any HNTSs particles added, named as n-hexadecane Only.
The grafted polypeptoids on HNTs can also enhance the bacteria cell growth presumably by
serving as a nitrogen source, evidenced by a notable bacterial cell growth in the presence of
polypeptoid-grafted HNTs without endogenous nitrogen source in the ONR7a medium. However,
the enhancement effect here is much less pronounced than when the endogenous nitrogen source
is present in the culture medium (Figure 3.6(a)).
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Table S3.1. A summary of fitting parameters for the plots of steady shear viscosities (1) versus
shear rate for n-dodecane-in-ASW emulsions stabilized by different polypeptoid-grafted HNTSs or
pristine HNTSs in low shear rate range (10-10 s) (Figure 3.5A) by using the Cross model.2

Entry HLB 00 oo ¢ K® Adj. R-
Sample Name n'
# (Exptl.) ®|  (Pa-s) (mPa-s) () Square ¢
1 p-HNT N/A 11+£2 3.7£0.311365+300| 1.08+£0.03 | 0.983

2 Mi00-g-HNT 20.0 320+ 20 16 +2 300+30 | 1.30+0.02 | 0.993

3 | MgoB1o-g-HNT | 17.2 24+01 |30+0.2| 330+40 | 1.10+0.02 | 0.994

4 | MgoD1o-g-HNT | 15.0 | 5100 + 200 0 780 +40 |1.090 +0.004| 0.999

5 | MgoB2o-g-HNT | 14.3 870+80 | 152+9 |1900+300| 0.99+0.01 | 0.997

6 | MsoD20-g-HNT | 12.0 |1600 + 200 0 3700 + 700 |0.800 + 0.006| 0.998

a. The steady shear viscosity is fitted by Orthogonal Distance Regression (ODR) in OriginPro with

Cross model. The Cross model equation is: 1, = 1, +%, where 1y is the steady shear

viscosity and vy is steady shear rate. b. HLB (Exptl.) is the experimental HLB characteristic of the
grafted polypeptoids. It is defined as the mass fraction of the hydrophilic segments (M) over the
entire polymer [HLB = 20 x (mx/mx+ my), mx: mass of hydrophilic segment (M), mx+my: total
mass of both the hydrophilic (M) and hydrophobic (B or D) segments] and is calculated using the
molar ratio between the M and B(D) segments determined by 1H NMR analysis. c. n0 stands for
zero shear viscosity. d. noo represents infinite shear viscosity. e. k is the Cross time constant. f. n
is the Cross rate index which is an important indicator measuring the dependence of viscosity on
the shear rate in the shear-thinning region. Here, n was found to decrease with increasing
hydrophobicity of the grafted polypeptoids from n=1.30 + 0.02 for M100 (HLB=20.0) to n=0.80
+ 0.006 for M80D20 (HLB=12.0). g.Adjusted R-square value of the fitting is calculated using the
Origin software.
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Figure S4.1. 'H NMR spectrum of Allyl-NCA monomer in CDCls.
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Figure S4.2. *H NMR spectrum of Me-NCA monomer in CDCls.
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Figure S4.3. 'H NMR spectrum of Decyl-NCA monomer in CDCls.
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Figure S4.4. 'H NMR spectrum of 2-(N,N-tert-butoxycarbonyl-n-decyl-dzi-amino)acetic acid
(Compound 1) in DMSO-ds.
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Figure S4.6. *H NMR spectrum of 2-(N,N-tert-butoxycarbonyl-n-decyl-d.1-amino)acetic acid
(Compound 2) in CDCl3
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