1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Macromolecules. Author manuscript; available in PMC 2021 April 02.

-, HHS Public Access
«

Published in final edited form as:
Macromolecules. 2019 November 12; 52(21): 8295-8304. doi:10.1021/acs.macromol.9b01923.

PET-RAFT and SAXS: High Throughput Tools to Study
Compactness and Flexibility of Single-Chain Polymer
Nanoparticles

Rahul Upadhyal, N. Sanjeeva Murthy?, Cody L. Hoop3, Shashank Kosuril, Vikas Nanda?,
Joachim Kohn2, Jean Baum3, Adam J. Gormley*1

1Department of Biomedical Engineering, Rutgers, The State University of New Jersey,
Piscataway, NJ 08854, USA

2New Jersey Center for Biomaterials, Rutgers, The State University of New Jersey, Piscataway,
NJ 08854, USA

SDepartment of Chemistry and Chemical Biology, Rutgers, The State University of New Jersey,
Piscataway, NJ 08854, USA

4Center for Advanced Biotechnology and Medicine, and the Department of Biochemistry and
Molecular Biology, Robert Wood Johnson Medical School, Rutgers, The State University of New
Jersey, Piscataway, NJ 08854, USA

Abstract

From protein science, it is well understood that ordered folding and 3D structure mainly arises
from balanced and noncovalent polar and nonpolar interactions, such as hydrogen bonding.
Similarly, it is understood that single-chain polymer nanoparticles (SCNPs) will also compact and
become more rigid with greater hydrophobicity and intrachain hydrogen bonding. Here, we couple
high throughput photoinduced electron/energy transfer reversible addition-fragmentation chain-
transfer (PET-RAFT) polymerization with high throughput small-angle X-ray scattering (SAXS)
to characterize a large combinatorial library (>450) of several homopolymers, random
heteropolymers, block copolymers, PEG-conjugated polymers, and other polymer-functionalized
polymers. Coupling these two high throughput tools enables us to study the major influence(s) for
compactness and flexibility in higher breadth than ever before possible. Not surprisingly, we found
that many were either highly disordered in solution, in the case of a highly hydrophilic polymer, or
insoluble if too hydrophobic. Remarkably, we also found a small group (9/457) of PEG-
functionalized random heteropolymers and block copolymers that exhibited compactness and
flexibility similar to that of bovine serum albumin (BSA) by dynamic light scattering (DLS),
NMR, and SAXS. In general, we found that describing a rough association between compactness
and flexibility parameters (R,/ R, and Porod Exponent, respectively) with /ogP, a quantity that
describes hydrophobicity, helps to demonstrate and predict material parameters that lead to SCNPs
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with greater compactness, rigidity, and stability. Future implementation of this combinatorial and
high throughput approach for characterizing SCNPs will allow for the creation of detailed design
parameters for well-defined macromolecular chemistry.
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INTRODUCTION

Proteins are remarkable biopolymers that have evolved over millions of years to optimally
perform several crucial functions such as transport, catalysis, and signaling. The primary
structure or precise sequence of amino acids impacts the secondary and tertiary structures
needed to properly perform a given task.1™ Several proteins fold into specific 3D structures,
giving rise to compact and ordered macromolecules, in order to carry out specific functions.
Because proteins have been widely characterized, it is well understood that hydrophobic
interactions are key to exceed the high configurational entropy associated with compaction.
3.5 In proteins, it has been theorized that about 30-80% hydrophobic character is required to
form ordered structures.3 There is a fine balance between a highly hydrophilic structure that
becomes extended due to its ability to interact with solvent and an extremely hydrophobic
structure that aggregates out of solution. Hydrogen bonding is a secondary interaction that is
also important for achieving the stable native state.

The same types of interactions are considered for the design of single-chain polymer
nanoparticles (SCNPs), which are single-chain polymers that fold by intramolecular cross-
linking into collapsed polymers. SCNPs exhibit sizes on the order of proteins (< 20 nm in
diameter, depending on the molecular weight).”~10 SCNPs are trending as a strong interest in
polymer science with applications in drug delivery, biosensing, bioimaging, enzyme
mimicry, and protein mimicry.”- 11-13 There is a need to control structural parameters such
as flexibility and compactness in order to synthesize systems for these types of applications.
In the realm of multivalent therapeutics, the binding affinity and selectivity of multivalent
nanoparticles depends on compactness, flexibility, size, and ligand valency.14-16 While this
has been shown for therapeutic biomolecules, it can be argued that these structural traits are
important to control for other SCNP applications as well. Due to inefficiencies, much of the
previous work in the SCNP space has focused on the synthesis of simple homopolymers
such as poly(methyl acrylate) (PMA), polystyrene (PS), or poly(/N-isopropryl acrylamide)
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(PNIPAM). This has prevented any in-depth experimental work to study SCNP compactness
and flexibility.1” A rule-set has been established for understanding how SCNPs can be
designed for compactness and greater ordering, mainly through molecular dynamics
simulations. Three ways in which these structures become more ordered is through
intrachain homocoupling, intrachain heterocoupling, and cross-linking-induced collapse.
118,19 Similar to proteins, SCNPs require cross-linking in poor solvent conditions in order
to achieve a high amount of compactness, as favorable solvent only induces local globule
formation with substantial disorder.”- 13 In practice, the benefit of hydrophobicity to
inducing order has been shown with various ABA triblock copolymers in which a
hydrophobic core has enabled packed sphere formation.18: 20: 21 Additionally,

supramolecular chemistry via hydrogen bonding aids in creating stable ordered structures.
22-24

However, the major obstacles facing design of compact, ordered SCNPs are polydispersity
and chain-to-chain compositional variations. These differences in molecular weight, solvent
interactions, and random monomer compositions can limit order.12- 19 It is currently
impossible to achieve sequence-level control of SCNPs, but with statistical control over
monomer composition, it is possible to modulate blockiness and limit the coil-to-globule
transition. Conversely, without this level of control, not only is there chain-to-chain
variability but also intrachain variability, resulting in the formation of lower-ordered molten
globules.?5

In order to better understand how SCNPs can be designed to result in greater order and
compactness, a combinatorial library of various polymers and functionalized polymers needs
to be synthesized. However, traditional polymer synthesis techniques such as reversible
addition-fragmentation chain-transfer polymerization (RAFT) and atom transfer radical
polymerization (ATRP) tend to be inefficient due to requirements to degas and prevent
oxygen from inhibiting the reaction.26 Over the past five years, three techniques have been
established to enable synthesis of large combinatorial polymer libraries — enzyme-assisted
RAFT (Enz-RAFT), air-tolerant ATRP, and photoinduced electron/energy transfer-RAFT
(PET-RAFT).27-29 Enz-RAFT and air-tolerant ATRP utilize glucose oxidase which has the
ability to degas the polymer reaction volume, enabling polymerizations in open-air
conditions.27 29. 30 Meanwhile, PET-RAFT incorporates zinc tetraphenylporphyrin (ZnTPP)
to initiate the chain transfer agent (CTA) to begin polymerization and alter triplet oxygen to
singlet oxygen that can be further trapped by DMSO.26: 28, 31-35 More recent work by the
authors laid the groundwork for this paper which demonstrated the ability of PET-RAFT to
synthesize a combinatorial library of linear, 3-arm, and 4-arm polymers functionalized with
an acetylated azido-mannose via strain-promoted azide-alkyne cycloaddition (SPAAC) to
screen for binding to concanavalin A.28

Here, we demonstrate a new addition to the SCNP structural design paradigm by coupling
high throughput polymer synthesis with high throughput characterization. PET-RAFT was
utilized as the SCNP synthesis platform as it is done in DMSO, which is amenable to several
hydrophobic polymers needed for compactness.28 33 Meanwhile, size-exclusion
chromatography-multi-angle light scattering (SEC-MALS) enables rapid determination of
molecular weight and dispersity (£). High throughput small-angle X-ray scattering (SAXS)
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at the National Synchrotron Light Source |1 Life Science X-ray Scattering (LiX)

beamline3®: 37 is also a unique tool that has aided in quantifying compactness and flexibility
when used in parallel with dynamic light scattering (DLS) and diffusion ordered
spectroscopy (DOSY) NMR. In this study, we synthesized over 450 diverse polymers with
varied composition (homopolymers, random heteropolymers, and block copolymers),
physicochemical characteristics (neutral, hydrophilic, hydrophobic, and charged), and a
functionalization step (grafting of a pendant chain 2 kDa PEG-N3, 15 kDa PNIPAM-N3, or 2
kDa random heteropolymer HEA-PTMAEMA-nBA-N3) in order to survey this
macromolecular landscape in high detail. The investigated SCNPs are not intramolecularly
cross-linked but are self-interacting polymers whose dimensions and structural properties
depend strongly on the nature of the solvent. Employing PET-RAFT and SAXS for synthesis
and characterization of SCNPs has enabled us to efficiently create a diverse library of
polymers with varying degrees of compactness and flexibility in a manner that has not been
demonstrated before (Figure 1).

EXPERIMENTAL

Materials.

Monomers were purchased from Sigma Aldrich, VWR, and Alfa Aesar and include 2-
hydroxyethyl acrylate (HEA), 4-acryloylmorpholine (NAM), A-isopropylacrylamide
(NIPAM), N,N-dimethyl acrylamide (DMA), 2-hydroxypropyl methacrylate (2-HPMA), 2-
hydroxyethyl methacrylate (HEMA), methyl acrylate (MA), methyl methacrylate (MMA),
n-butyl acrylate (nBA), [2-(methacryloyloxy)ethyl] trimethylammonium chloride solution
(PTMAEMA), 2-methoxyethyl acrylate (mPEG acrylate), poly(ethylene glycol)
monomethyl ether with M,=350 Da and 500 Da (mPEG300, mPEG500), and acrylic acid A-
hydroxysuccinimide ester (NHS acrylate). NHS acrylate was lightly sparged with argon
before use in order to remove moisture and prevent hydrolysis.

The chain transfer agents (CTAs) utilized were 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid, 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid, 2-(dodecylthiocarbonothioylthio) pentanoic acid,
ethyl 2-(phenylcarbonothioylthio)-2-phenylacetate, and 2-(dodecylthiocarbonothioylthio)-2-
methylpropionic acid 3-azido-1-propanol ester (for synthesizing HEA-PTMAEMA-nBA-
N3), all purchased from Sigma Aldrich. The initiator was zinc tetraphenylporphyrin (ZnTPP)
from Tokyo Chemical Industry Co., Ltd.

For post-polymerization functionalization, dibenzocyclooctyne-amine (DBCO-NH,) from
Click Chemistry Tools, methoxypolyethylene glycol azide of M,=2000 Da (PEG-N3), and
PNIPAM azide of M,=15,000 Da from Sigma Aldrich were purchased. Sephadex G-25
superfine resin (1000-5000 Da molecular weight cutoff range) from GE Healthcare Life
Sciences was used to purify free DBCO-NH,, monomer, and initiator with 0.5 mL Zeba spin
desalting columns (Thermo Fisher Scientific).
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Polymerization Method.

Solutions of monomers (2 M) and CTA/initiator (50:0.5 mM) were made in DMSO, while
NHS acrylate (2 M) was prepared in a DMSO/acetic acid mixture (1 mol equivalent acetic
acid/NHS). Oxygen-tolerant PET-RAFT polymerizations were carried out in 96-well plates
with a reaction volume of 200 pL. Plate sealing film was adhered onto the top of the plate to
prevent evaporation or contamination and a 560 nm LED light was used to set off the
polymerization (total reaction time was 15 hours).

Polymer Functionalization, Purification, and Preparation.

After polymerization was completed, DBCO-NH> (1 mol equivalent/NHS) and
dimethylaminopyridine (DMAP) (1 mol equivalent/NHS) were added to the polymer
solution and left overnight (12 hours). Then spin purification was completed with Sephadex
G-25 superfine resin (in DMSO) by packing and washing the resin at a centrifugation speed
of 1000 g for 1 minute and purifying polymer and polymer-DBCO at 1000 g for 2 minutes.
UV-Vis spectroscopy enabled quantification of percent DBCO incorporation, and PEG-N3,
PNIPAM-N3, or HEA-PTMAEMA-nBA-N3 was then added (1 mol equivalent/DBCO). All
samples were further dialyzed using Pierce 96-well Microdialysis Plates (Thermo Fisher
Scientific) with 3500 Da molecular weight cutoff. Polymers and functionalized polymers
were diluted 100x in water and lyophilized to a solid. This enabled absolute determination of
concentration and buffer matching for SAXS experiments. Note: there were solubility
concerns with most polymers functionalized with PNIPAM-N3 and HEA-PTMAEMA-nBA-
N3 so this characterization data is not included in the paper.

logP Determination.

SEC-MALS.

Log of the octanol-water partition coefficient (/ogP) was determined for each monomer type,
DBCO-NH,, and PEG-N3 using the ChemAxon MarvinView logP plugin. Individual
structures were created in ChemAxon MarvinSketch. The /ogP value was determined by an
atomic hydrophobicity classification algorithm previously established,38 while this
parameter has been used in the context of polymer science.3% For random heteropolymers
and block copolymers, the weighted average of monomer and any other molecules (DBCO-
NH, or PEG-N3) was taken depending on the feed ratio (refer to Section S1.2 in Supporting
Information).

SEC was carried out with dimethylformamide (DMF) with LiBr as the eluent. A
Phenomenex 5.0 um guard column (50 x 7.5 mm) preceded two Phenomenex Phenogel
columns (104 and 103 A). In series with the columns were the Agilent 1200 Series
differential refractive index (RI) detector, Agilent UV detector, and a Wyatt Technology
miniDAWN TREOS MALS detector. Calibration of the SEC and normalization of the
MALS detector was completed with Agilent PEO standards without correction. Polymers
were prepared at 2 mg/mL in DMF and filtered with a 0.45 um PTFE filter.
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DLS was completed on a Malvern Zetasizer Nano ZS with disposable polystyrene cuvettes.
Polymers were prepared at 5 mg/mL in 99% PBS/1% DMSO from the lyophilized solid. A
thermal equilibration time of 30 s was incorporated for each polymer at 25 °C. Diffusivity
was measured by a size analysis protocol on the Zetasizer software, which was used to
obtain hydrodynamic radius (/p) by the Stokes-Einstein equation. The instrument had a 4
mW He-Ne laser with wavelength of 633 nm and scattering angle of 173°.

SAXS experiments were conducted at the National Synchrotron Light Source 11 (NSLS-I1)
at the Brookhaven National Lab (Upton, NY) beamline 16-ID for Life Science X-ray
scattering (LiX). The instrument X-ray energy was 6.75 keV and employed three Pilatus 1M
detectors and an autosampler for direct sample handling from PCR tubes. A secondary beam
source was utilized along with refractive lenses for focusing. The g range used was 0.005-
3.040 A= (only 0.005-0.25 A was taken as the small-angle region). Polymers at 5 mg/mL in
99% PBS/1% DMSO were exposed with 5-second exposures relative to buffer blanks. These
five exposures were then averaged and the buffer scattering was subtracted.

SAXS Data Analysis.

From 1D SAXS intensity data size, compactness, and flexibility parameters and plots were
obtained. BioXTAS RAW 1.5.0 was used to obtain radius of gyration (R,) by Guinier
analysis and Bayesian indirect Fourier transform (BIFT), while Kratky plots were used to
determine a degree of compactness of the particle, i.e., the flexibility of the polymer chain.
40,41 The ATSAS 2.8.4 data analysis suite was utilized in RAW.42: 43

Porod analysis was carried out to quantify flexibility of the polymer chain. By following the
deviations from Porod’s law, valid for particles with smooth surfaces:

2nS
I(Q)asym =(p— pO)Z% 1)

where g is the momentum transfer or modulus of the scattering vector (g = 4w sin(0) / 1),
1(9)sym is the X-ray scattering intensity at high g, p is the average electron density of the
scattered particles, gy is the electron density of the buffer, and S is the total surface area.
Deviations from this law that can be visualized by a Porod plot (/g7 vs. ¢?) are used to
quantify flexibility. These deviations were evaluated by calculating the scattering exponents
in the equation:#4-47

I(@) g Pm @

where Dy, is the mass fractal dimension of the polymer chain. Dy, captures the extent to
which a linear chain (fractal dimension 1) fills a volume (fractal dimension 3), such that 1 <
D,, < 3. Mass fractal values were quantified as the Porod exponent using the software
package BIOISIS ScAtter 3.0. First, the dataset was truncated to include only the hyperbolic
Porod region. Then a linear range is set using a Porod-Debye plot (¢7 /(g) vs. ¢) in order to
determine the Porod exponent.48: 49
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Translational diffusion of each polymer was measured by pulsed field gradient NMR
experiments at 25 °C.59-52 NMR data were acquired using a Bruker AVANCE 111 600 MHz
spectrometer (Billerica, MA). Gradient strength was varied from 0.963-47.187 G/cm. For
BSA, the total gradient time period was set to 2000 ps and the diffusion time was 0.4 s. For
mMPEG acrylate, the total gradient time period was set to 3500 ps and the diffusion time was
0.5 s. For RH 2-HPMA-nBA 10% PEG and BC 2-HPMA-MA 10% PEG, the total gradient
time period was set to 1000 ps and the diffusion time was 0.15 s. The diffusion coefficient
was derived for the methylene 1H peak of the polymers and the methyl 1H peak of BSA
using the equation:

[ = Ipe= DPPe5 (8 ~o13) @

where Dis the diffusion coefficient in m2/s, v is the gyromagnetic radius of the observed
nucleus, g is the gradient strength applied at each experimental point, A is the diffusion time,
and & is the total gradient time period. In order to account for differences in gradient length
and diffusion time for each set of samples, this equation was re-expressed by taking the
natural logarithm of both sides:

In(I/Io) = — Dyg2sX(A — 6/3) @)

RESULTS AND DISCUSSION

First, polymers were synthesized by PET-RAFT and characterized by SEC-MALS and DLS
(Table 1). SEC-MALS provided a molecular weight determination (weight-average
molecular weight displayed throughout), while DLS and SAXS were used to quantify Ry
and R, respectively. These polymers were homopolymers, random heteropolymers (RH),
and block copolymers (BC) with nominal degree of polymerization of 400 and NHS
acrylate/DBCO-NH, incorporation of 10 mol%. DBCO-NH, concentration was quantified
by UV absorbance in Tables S3-S5 based on standard curve at 310 nm in Figure S4. For the
definition and illustration of how the heteropolymers and block copolymers with 10% PEG
are functionalized, refer to Section S1.1 and Figures S2-S3 in Supporting Information.
Included are examples of the structures of RH 2-HPMA-nBA 10% PEG and BC 2-HPMA-
MA 10% PEG. Molecular weight ranged from 20-70 kDa with £ typically below 1.4. Note
that molecular weight determined by MALS relied on an/dc values, which were determined
for each monomer individually and tabulated in Table S12. The overall sizes of each
polymer are reported as Rgand Rj, ranging from about 7-20 nm and the /ogPis displayed
for each polymer (lower value indicates hydrophilic while a higher value indicates
hydrophobic). The proteins bovine serum albumin (BSA) and collagen type | are relatively
more compact and extended, respectively.>3: 54 In order to quantify the compactness of each
polymer and account for molecular weight disparities, the Stokes ratio, or Ry/Rp, is used. A
Stokes ratio of about 0.77 represents a compact or packed sphere, 1.00 amounts to a hollow
sphere, and >1.00 constitutes an extended chain.>>-58 Table 1 contains a representation of
the most compact and extended polymers, but the structural information for other polymers
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studied along with the Flory scaling exponent (v) can be viewed in Tables $6-511.61
Additionally, confirmation of an increase in molecular weight due to PEG incorporation can
be observed in Table S13 and Figures S12-S13.

The polymers with a more extended conformation with an Ry/R,> 1.00 (MPEG acrylate,
NAM, RH NIPAM-PTMAEMA, RH HEA-PTMAEMA) also display substantial flexibility
with Porod exponent < 2. Meanwhile, compact polymers with an Ry/R; < 0.90 (RH 2-
HPMA-nBA 10% PEG and BC 2-HPMA-MA 10% PEG) display relatively greater rigidity
(Porod exponent > 2.0). BSA has a larger Porod exponent when compared to these compact
polymers, indicating that this protein is more rigid.

SAXS profiles are presented for extended polymers alongside collagen type | and compact
polymers with BSA (Figure 2A-B). From these plots, a qualitative distinction between the
two groups can be observed as the extended polymers (2-5) alongside collagen type | (1)
exhibit a region at low q of linear decrease. Meanwhile, BSA (6) and compact polymers (7-
8) exhibit a similar profile as BSA which is typical of structures with greater order.

Kratky plots are presented for extended polymers (2-5) alongside collagen type I (1) and
compact polymers (7-8) with BSA (6) (Figure 3A-B) to further support this data. The
Kratky plots provide a qualitative way to compare compactness. The polymers that are
similar in compactness to BSA are RH 2-HPMA-nBA 10% PEG (7) and BC 2-HPMA-MA
10% PEG (8), both of which contain a mixture of hydrophilic (2-HPMA and PEG) and
hydrophobic (nBA/MA and DBCO) components.

Porod plots further illustrate the differences in the conformation of the polymer chains
(Figure 4). This curve increases monotonically for flexible, extended polymers (Figure 4A)
while exhibiting an asymptotic Porod plateau for compact, folded polymers (Figure 4B).
Collagen type | and similar polymers demonstrate an extended nature while BSA and its
comparable polymers demonstrate a more compact conformation, as indicated by the
behavior of the Porod-Debye plots.

In further comparing the properties of BSA to other compact synthetic polymers, a
normalized Kratky plot can be useful to highlight distinctions (Figure 5). In this normalized
plot of (c;f'\’g)2 * 1(g)/1(0) vs. gR,, the peak associated with BSA has a characteristic intensity
of about 1.2 and gR, of about 2.5 for compact proteins. Both peaks associated with 6 and 7
demonstrate a slight shift in g/, and intensity, indicating that these polymers are more
flexible compared to the compact protein.

In order to confirm the compactness observed for the synthetic polymers 7 and 8, we
conducted DOSY NMR experiments, which can be used to derive translational diffusion
coefficients (D) in solution.> By plotting the logarithmic normalization of the peak intensity
vs. the experimental gradient strength, gradient time period, and diffusion time (Figure 6),
the slope of the line is representative of the diffusion coefficient.° We observe that the
compact polymers have a diffusion coefficient similar to BSA, whereas the extended mPEG
acrylate polymer exhibits much slower diffusion (Table 2). Further, the corresponding
hydrodynamic radii were calculated by the Stokes-Einstein equation for a temperature of 25
°C and viscosity of 0.892 cP (Table 2). The Ry of extended mPEG acrylate was determined
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to be 12.54 nm, which contrasted with the Ry, quantified for RH 2-HPMA-nBA 10% PEG
(2.07 nm), BC 2-HPMA-MA 10% PEG (1.75 nm), and BSA (2.79 nm). DOSY NMR D
summary and 1H-NMR can be viewed in Figures S7-S8.

Further /ogP as a measure of hydrophobicity was plotted against compactness (R,/Rp) and
flexibility (Porod exponent) parameters to determine whether an association exists (Figure
7). This was done for block copolymers (Figures 7A-B) and for random heteropolymers
(Figures 7C-D) in which all samples characterized were plotted to understand whether or
not there is a global relationship that exists. Note that these figures take into account /ogP of
the polymer backbone (only the monomeric composition was considered). Additional groups
of /ogP plots can be found in Figures S9-S11. For Figures 7C-D, the blue curves indicate
theoretical phase transitions that would describe the respective trends. This is supported by
the literature but the exact model has not been defined here.60. 61

The overall goal of this study was to utilize high throughput PET-RAFT and SAXS in order
to explore the compositional landscape of synthetic polymers and demonstrate that polymers
with varying degrees of flexibility and compactness can be synthesized. If this approach is
used for bioactive molecules, a structure-activity relationship can be established for
therapeutics in the space of tissue engineering and regenerative medicine. In the past, other
groups have attempted to synthesize bioinspired polymers that are globular by creating
polymers with varying amounts of hydrophobicity in the side groups.L: 2: 63 While polymers
cannot be synthesized to closely resemble protein structure since they lack higher order
secondary structure® 8, they can still be synthesized to exhibit varying degrees of
intermediate compactness and flexibility as evidenced by this work.

Biophysical characterization of polymers summarized in Table 1 was completed by GPC,
MALS, DLS, and SAXS. We identified compact and extended polymeric nanomaterials
from the entire polymer library by combining size information in Table 1 with qualitative
compactness indications from Kratky plots in Figures 3A—B. However, in order to account
for the differences in molecular weight between polymers, which would invariably lead to
changes in size, the Stokes ratio (R,//y) enabled normalization of polymers to quantify
compactness with a single value. By comparing macromolecular hydrodynamic associations
with geometric properties, compact structures can be differentiated from extended structures
that may be random coils or rod-like in nature.

The two compact polymers we studied in more detail were RH 2-HPMA-nBA 10% PEG (7)
and BC 2-HPMA-MA 10% PEG (8). The Kratky and normalized Kratky plots (Figures 3B
and 5) indicate that, while the two polymers are compact, they are slightly more flexible
when compared to BSA. This is further supported by the quantities displayed in Table 1,
which demonstrates that the Stokes ratios of RH 2-HPMA-nBA 10% PEG and BC 2-
HPMA-MA 10% PEG are 0.753 and 0.827, indicative of a compact structure. However, the
Porod exponents of both polymers are markedly lower (2.9 and 2.4, respectively) when
compared to BSA (3.7), confirming greater flexibility. This evidence indicates that these two
polymers are at an intermediate level of compactness. In order to understand what is causing
this, we listed biophysical quantities for polymer backbones that are extremely hydrophilic
(low /ogPvalues of —0.042 and -0.18) (RH HEA-PTMAEMA and RH NIPAM-
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PTMAEMA) in Table 1. Both are extended and flexible as demonstrated by ~,/<;> 1.00
and Porod exponent < 2. The polymers themselves are hydrophilic enough to remain
extended in aqueous buffer, and we believe that the incorporation of hydrophobic DBCO-
NH, and subsequent functionalization of hydrophilic PEG-N3 for certain polymer
compositions may result in the formation of a hydrophobic core and solvent-interacting
PEGylated regions to promote compactness and solubility. This is supported by some
experimental? and MD simulation work!3 that have proven the usefulness in designing
SCNPs with both hydrophilic and hydrophobic components in order to synthesize complex
structures.

In order to understand what may be causing compactness and rigidity, we attempted to
determine whether or not /ogP plays a role as it is a measure of this hydrophobicity that is
crucial for ordered SCNPs.38. 39 JogPwas determined for these complex polymers by taking
the weighted average of monomeric components and accounting for the concentration of
NHS acrylic acid, DBCO-NH,, and PEG-N3. /ogPis not often used for large
macromolecules such as SCNPs so this is a method that can be improved upon. Overall
relationships of /ogP for all of the polymers was shown in Figures S9-S11 while
relationships between polymer backbone /ogPand compactness or flexibility are displayed
in Figure 7. /ogPis shown from this work to have a stronger association in the random
heteropolymer SCNPs as compared to block copolymers and seems to have an inverse
relationship with Ry/Rp,and positive association for Porod exponent. This confirms our
previous intuitions that hydrophobic character is necessary to result in compact and rigid
SCNPs.

Further differences are observed between block copolymers and random heteropolymers in
terms of changes in Ry/R, and Porod exponent with respect to /ogP. For random
heteropolymers, there are two-phase and three-phase transitions displayed for the trends
associated with R,/R,and Porod exponent, respectively (Figures 7C-D). These types of
relationships are referred to in the literature for changes in Ry/R and the Flory scaling law
during the coil-to-globule transition.89: 1 These types of structural parameters also tend to
occur as a range of values rather than on the extremes as an “all or none” response (also
supported by data in Figure 7 and Tables S6-S11). On the other hand, this phase transition is
not as strong for block copolymers (Figures 7A-B). The importance of hydrophobicity,
specifically due to hydrophobic interactions associated with the alkyl chain, has been
demonstrated in amphiphilic random heteropolymers.64 It is not surprising that this is the
case as proteins are random assortments of amino acids.3 6 By creating a separate block of
hydrophilic monomer (uneven distribution throughout the chain), we believe that some
complexity is lost due to differences in self-association. For R,/R, 60% of block
copolymers are within the narrow range of 1.00-1.25, while only 27% of random
heteropolymers fall within this range. Similarly, for Porod exponent, 68% of block
copolymers are within the narrow range of 1.7-2.0 while just 45% of random
heteropolymers are within this range.

We could also utilize this synthesis and characterization approach to study the effects of
functionalization (in this case PEGylation) on the structure of SCNPs and how this varies
between different groups. Observations can be made for SCNPs containing 90% of neutral
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component (HEA, NIPAM, 2-HPMA, and HEMA in Tables S8-S11). For example,
PEGylation has a distinct effect on HEA polymers in contrast to NIPAM ones. For
PEGylated HEA copolymers, the majority experience a larger size and greater rigidity while
the majority of NIPAM PEGylated copolymers either experience a smaller size and greater
rigidity or vice versa. This may be due to hydroxyl groups gaining greater solvent exposure
in HEA copolymers due to PEG stabilization and thus engaging in more hydrogen bonding,
but this mechanism would have to be studied more in-depth and with more data points.
Likewise, differences in PEGylation between random heteropolymers and block copolymers
can be examined. For 2-HPMA and NIPAM-based copolymers, the Porod exponent tends to
decrease when comparing random heteropolymers to block copolymers. This indicates that
the spacing associated with neutral components that can hydrogen bond (2-HPMA and
NIPAM) along with charged or hydrophobic components is crucial. Surprisingly, HEA and
HEMA-based polymers did not show a trend in Porod exponents between random and block
copolymers. The major difference between these monomers and 2-HPMA is the alkyl chain
substituent present (ethyl and propyl groups, respectively) so this may affect intra-chain
cross-linking.

As displayed in Tables S9-S11, the only other polymers determined to have both
compactness (Ry/R < 1.00) and rigidity (Porod exponent > 2) were RH 2-HPMA-MMA
10% PEG, RH 2-HPMA-MA 10% PEG, RH HEMA-nBA 10% PEG, BC HEMA-MMA
10% PEG, RH NIPAM-nBA 10% PEG, and BC NIPAM-nBA 10% PEG, and NIPAM-
MMA. In an overwhelming majority (all except BC NIPAM-nBA) of these cases (including
for polymers 7-8 in Table 1), there is 10% of the hydrophobic monomer (nBA, MA, or
MMA) along with PEG functionalization. This gives the polymer complex hydrophobic
character and induces self-interactions. Further, the neutral component of these polymers (2-
HPMA, HEMA, or NIPAM) contains a hydroxyl or amine group, enabling non-covalent
interactions to stabilize the SCNP. Most polymers were both extended and flexible while
there was a small group (9 polymers) that exhibited either rigidity or compactness but not
both. In the future, high throughput DLS (DynaPro Plate Reader, Wyatt Technology) can be
utilized in order to measure R at various concentrations and in different solvent conditions.
This would also improve the efficiency of our current characterization.

The greatest obstacles for polymer engineering as cited by Barron and colleagues is a lack of
reproducibility and inability to design polymers in a sequence-specific manner.56 Our
current system utilizing PET-RAFT for high throughput synthesis at the benchtop minimizes
batch-to-batch variability and enables precise control of molecular weight.28 Even though
we may not be able to achieve sequence-specific control, we can still maintain statistical
control over polymer design. Others have demonstrated the ability to precisely control
copolymer compositions for RAFT, ATRP, and nitroxide-mediated polymerization (NMP)
using the Mayo-Lewis model and reactivity ratios of individual monomers.%7: 68 By doing
so, we could improve upon the order of hydrophobic random heteropolymers and block
copolymers.25 Other possible directions may include conducting polymerizations in
different solvents by using modified oxygen quenching techniques,32 further controlling
polymer stereochemistry,%9 and synthesizing polymers with non-linear geometries.28: 70
Overall, this work has demonstrated the ability to solve some challenges in the synthesis and
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design of SCNPs, namely incorporating techniques that can be scaled up, functionalizing
SCNPs, and improving characterization.” We believe that more complexity in SCNP design
can be uncovered by utilizing a simulation-based approach to complement this work.

CONCLUSIONS

In conclusion, we demonstrated that our approach can be used to efficiently examine
compactness and flexibility of SCNP combinatorial libraries. We were able to confirm that a
rough correlation exists between hydrophobicity (/ogP) and the parameters for compactness
and flexibility (Ry/R,and Porod exponent) in studying polymers functionalized with PEG.
We observed an inverse phase-transition relationship between /ogP and compactness along
with a direct phase-transition relationship between /ogP and flexibility (much stronger for
random heteropolymers). In the future, this type of approach when combined with molecular
dynamics simulations can be utilized to further study structural parameters and devise more
detailed design criteria for SCNPs.
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Figure 1. Experimental design schematic.
(A) The objective is to synthesize and characterize a variety of homopolymers, random

heteropolymers, and block copolymers. (B) Using oxygen-tolerant polymerization,
functional polymers can be efficiently synthesized in 96-well plates. (C) Further
characterization was done by SEC-MALS, UV-Vis spectroscopy, and DLS to determine
weight-average molecular weight (M,,), dispersity (£), and hydrodynamic radius (~p). (D)
By various SAXS data analysis techniques, radius of gyration (/) and Porod exponent can
be quantified. (E) This enables the creation of a diverse polymer library with compact,
partially compact, and extended structures along with varying degrees of flexibility.
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Figure 2. SAXS intensity plots.
(A) SAXS intensity plots of collagen type | (1) with extended polymers NAM, mPEG

acrylate, RH NIPAM-PTMAEMA, and RH HEA-PTMAEMA (2-5). (B) SAXS intensity
plots of BSA (6) with compact polymers RH 2-HPMA-nBA 10% PEG and BC 2-HPMA-
MA 10% PEG (7-8). Both groups of polymer scattering profiles overlap reasonably well

with the respective proteins.

Macromolecules. Author manuscript; available in PMC 2021 April 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Upadhya et al.

A

0.124

0.00 -
0.00

Page 19
B
0.04 -
— 1] —6
— 2 7
3 0.03- 8
«
—. | g_
—5 & 002
o
0.01-
0.00 T T T T 1
005 010 015 020 0.25 000 005 010 015 020 025
. X
q (A) q (A7)

Figure 3. Kratky plots for a qualitative assessment of compactness.
(A) Kratky plots of collagen type I (1) with extended polymers (2-5), as evidenced by the

monotonically increasing profile. (B) Kratky plots of BSA (6) with compact polymers (7-8).
Polymers 7-8 exhibit a peak at about ¢ = 0.05 A, signifying a compact structure.
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Figure 4. Porod plots as a qualitative assessment of flexibility.
(A) Porod plots of collagen type | (1) with extended polymers (2-5). Polymers 2-5 are

considered as flexible because they monotonically increase in the Porod gregion. (B) Kratky
plots of BSA (6) with compact polymers (7-8). Polymers 7-8 are considered as compact
because they exhibit an asymptote in the Porod ¢ region.
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Figure 5. Normalized Kratky plot.
Normalized Kratky plot for BSA (6) and compact polymers (7-8). BSA exhibits typical

protein behavior with gR, of about 2.5 and intensity of about 1.2. The deviations of the 2
polymers indicates that they are more flexible than BSA.
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Figure 6. NMR diffusion summary.
Plot of logarithmic normalization of peak intensity vs. experimental gradient strength,

gradient time period, and diffusion time. Slope intensity correlates with diffusion coefficient.
AGradient time period was 1750 ps while the diffusion time was 0.5 s. BGradient time
period was 1000 ps while the diffusion time was 0.4 s. CGradient time period was 1000 ps
while the diffusion time was 0.15 s. The error listed is the sample standard deviation.
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Figure 7. Relationship between hydrophobicity and compactness/flexibility for PEG-
functionalized copolymers.

There is a roughly inverse relationship between hydrophobicity and R,/ while there is a
direct relationship between /ogP and Porod exponent. (A) Ry/Rp, vs. backbone /ogPand (B)
Porod exponent vs. backbone /ogP for all block copolymers functionalized with PEG. (C)
Rg/Rpvs. backbone /ogPand (D) Porod exponent vs. backbone /ogP for all random
heteropolymers functionalized with PEG. Theoretical two-phase and three-phase curve fits
are included for (C) and (D), respectively.
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