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Abstract: Single-chain polymer nanoparticles (SCNPs) combine the chemical diversity of synthetic polymers with the intricate struc-
ture of biopolymers, generating versatile biomimetic materials. The mobility of polymer chain segments at length scales similar to
secondary structural elements in proteins are critical to SCNP structure and thus function. However, the influence of non-covalent
interactions used to form SCNPs (e.g., hydrogen-bonding and biomimetic secondary-like structure) on these conformational dynamics
is challenging to quantitatively assess. To isolate the effects of non-covalent interactions on SCNP structure and conformational
dynamics, we synthesized a series of amphiphilic copolymers containing dimethylacrylamide and monomers capable of forming these
different interactions: 1) di(phenylalanine) acrylamide that forms intramolecular -sheet-like crosslinks, 2) phenylalanine acrylamide
that forms hydrogen-bonds, but lacks a defined local structure, and 3) benzyl acrylamide that has lowest propensity for hydrogen-
bonding. Each SCNP formed folded structures comparable to those of intrinsically disordered proteins, as observed by size exclusion
chromatography and Small Angle Neutron Scattering. The dynamics of these polymers, as characterized by a combination of dynamic
light scattering and Neutron Spin Echo spectroscopy, was well described using the Zimm with internal friction (ZIF) model, high-
lighting the role of each non-covalent interaction to additively restrict the internal relaxations of SCNPs. These results demonstrate
the utility of local scale interactions to control SCNP polymer dynamics, guiding the design of functional biomimetic materials with
refined binding sites and tunable kinetics.

Introduction

Single-chain polymer nanoparticles (SCNPs) are folded synthetic macromolecules that resemble biopolymers, such as intrinsically
disordered proteins, in their size and flexibility.! Numerous strategies can direct polymer folding, including non-covalent** and
covalent®® interactions, in addition to metal coordination.”!! This creates a tunable platform for diverse functions including catalysis
and binding target molecules.!>'* Leveraging this synthetic versatility, variations to the composition and structure of SCNPs have
been effectively employed to improve their functional performance.!>™'® In most cases, the evaluation of polymer structure-activity
relationships relies on time averaged analyses, such as size exclusion chromatography and multi angle light scattering, which obscure
conformational dynamics that are faster than the acquisition time (on the order of seconds).'” However, there is a growing appreciation
that conformational dynamics (e.g. center of mass diffusion and segmental relaxations) of soft materials, including SCNPs and pro-
teins, mediate or are altered by their functions.!*® Therefore, time-resolved structural information is required to develop compre-
hensive structure-function relationships.

These conformational dynamic modes on time scales relevant to polymer functions (ps-ns) are observable with both small-angle
scattering and NMR techniques.'*?*?2 Analyses connecting static structures with chain dynamics using these techniques have high-
lighted that both hydrophobicity and covalent crosslinking dampen SCNP mobility.”?>** Neutron Spin Echo spectroscopy (NSE)
offers spatial and temporal resolution, uniquely enabling the assessment of polymer dynamics at length scales relevant to local,
secondary-like, structure. The underlying mechanisms of these measurements are interpretable through analyses derived from poly-
mer theory. For example, internal friction, which encompasses energetic barriers to chain relaxation (e.g., intrachain collisions and
hydrogen bonding), has been implicated in the dynamics of intrinsically disordered proteins, > polyelectrolytes,?’” and covalently
folded SCNPs in dilute solution.?®? While the impact of hydrophobic collapse and covalent crosslinks on chain dynamics is estab-
lished, it remains unclear how noncovalent interactions that generate local structure restrict the chain dynamics of dilute SCNPs.

We recently reported a di(phenylalanine) acrylamide (FF) monomer that facilitates the folding of amphiphilic copolymers through
both hydrophobic collapse and local-scale 3-sheet-like interactions that provides an ideal model system to correlate local non-covalent
interactions to internal friction.>* We observed that FF-based SCNPs formed similar global (nm length scale) structures to analogous
phenylalanine acrylamide (F)- and N-benzyl acrylamide (BAA)-containing copolymers; however, FF-copolymers provided unique
local rigidity. In this work, we report the static and dynamic structures of amphiphilic SCNPs containing FF, F, and BAA as observed
by Small Angle Neutron Scattering and NSE. We identified additive contributions of non-covalent interactions including hydrogen-
bonding and B-sheet-like local structure to internal friction, which restricts chain mobility. These results illustrate the role of local
scale structures to mediate polymer dynamics towards complex functionality.

Results and Discussion

To isolate the effects of non-covalent interactions on the structure and dynamics of single-chain polymer nanoparticles (SCNPs), a
series of amphiphilic copolymers were synthesized. An inert hydrophilic comonomer, dimethylacrylamide (DMA), was selected to
ensure intramolecular interactions were dominated by the hydrophobic moiety. The hydrophobic comonomers — di(phenylalanine)
acrylamide (FF), phenylalanine acrylamide (F), and N-benzyl acrylamide (BAA) — were chosen to systematically screen intramolec-
ular interactions and thus local structure complexity (Figure 1a).>° Each motif is capable of both hydrophobic and aromatic interac-
tions; however, FF and F have greater propensities for forming hydrogen bonds than BAA, and FF uniquely forms intramolecular -
sheet-like fibrils.

Three SCNPs, copolymers of each hydrophobic monomer with DMA, were synthesized via reversible addition-fragmentation transfer
(RAFT) polymerization to yield chains with similar molecular weights (~ 12 kDa) and with low molecular weight dispersity (< 1.2;
Figure 1b and Tables S1-2). To achieve similar degrees of global collapse while maintaining solubility in aqueous solution at high
concentrations, each copolymer included approximately 20 wt% of the hydrophobic monomer.>**! A homopolymer of DMA (pDMA)
was also synthesized at the same molecular weight to estimate the dynamic contributions of the SCNP segments composed of solely
DMA.
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Figure 1. Time-averaged structural characterization of model
polymers. a) Schematic of single-chain polymer nanoparticles
(SCNPs) with different non-covalent interactions. b) Size ex-
clusion chromatograms (DMF) of SCNPs and pDMA. Molecu-
lar weight axis was calculated relative to PEG standards. c) Dy-
namic light scattering distributions of polymer radii of hydra-
tion (30 mg/mL, deuterated phosphate buffer). d) Circular di-
chroism spectra of SCNPs and pDMA (0.2 mg/mL, deuterated
phosphate buffer).

Neutron scattering techniques, including Small Angle Neutron Scattering (SANS) and Neutron Spin Echo spectroscopy (NSE), are
unparallelled for characterizing the static and dynamic structures of polymer and protein materials at length and time scales relevant
to their functions.??*? To elicit high scattering contrast in these scattering experiments, the labile amide protons in the copolymers
were exchanged in deuteroxide and stored as a lyophilized powder prior to dissolution in deuterated buffer for analysis. To ensure
consistent solvent viscosity and hydrogen-bond strength, aqueous polymer samples were similarly prepared in deuterated buffer.

Polymer conformation was first observed by dynamic light scattering (DLS; 10 mM phosphate buffer pH 7, redissolved in D-0).
Consistent with previous observations in aqueous solution, each polymer formed predominantly single chain assemblies (Ru< 10 nm;
Figures 1c and S1).*° The single-chain morphologies were corroborated with aqueous phase size exclusion chromatography (0.1 M
sodium phosphate buffer, pH 7.0, natural isotopic abundance), which further demonstrated that SCNPs were more compact the
pDMA, as previously observed (Figure S2).3° The structure of SCNPs at shorter length scales, akin to secondary structure, was
observed by circular dichroism (CD; 1 mM sodium phosphate pH 7, redissolved in D2O; Figures 1d and S3). The FF-DMA copolymer
exhibited a pronounced maximum at 198 nm associated with intramolecular p-sheet-like interactions.'73%* This feature was weaker
for F-DMA, demonstrating a less defined local structure. No CD response was observed for BAA-DMA or pDMA, which do not
have a controlled chiral structure.>® We thus hypothesized that the difference in local structure between FF-, F-, and BAA-DMA
copolymers would mediate the mobility of polymer segments.

The interpretation of SCNP and pDMA dynamics measured by NSE requires quantitative descriptions of the time-averaged structure
of these polymers, accessible with SANS. SANS experiments were performed on the Extended Q-Range Small-Angle Neutron Scat-
tering Diffractometer, EQ-SANS, BL-6, SNS at Oak Ridge National Laboratory.** The polymer morphology was first observed qual-
itatively by visualizing the scattering profiles in the dimensionless Kratky projection [Figure 2a; (qRg)*1(q)/I(0) vs. gRg where q is
the momentum, Ry is the radius of gyration, and 1(q)/I(0) is the normalized scattering intensity].** In this projection, a characteristic
bell shape is indicative of a globular morphology (as in lysozyme) and a perpetual positive slope is characteristic of intrinsically
disordered proteins (IDP; i.e. adenovirus early gene 1A protein).>**¥ The SCNPs resemble the global morphology of the representa-
tive IDP, as the slope decreases after qR; = 2, consistent with previous reports of SCNPs.!***® The influence of the hydrophobic
monomers to form folded morphologies is evident when comparing SCNPs to pDMA, as pDMA resembles a random coil in the same
conditions.*® Careful inspection of FF-DMA in this projection reveals an inflection to a negative slope, indicating a more densely
folded structure as compared to the analogous F- and BAA-DMA copolymers. This observation that FF-DMA is more folded than F-
and BAA-DMA, which contain approximately double the number of hydrophobic monomers, highlights the strength of the local
structural interactions to influence global morphology.

Quantitative descriptions of polymer structure are critical for analysis of polymer dynamics. Calculations of the R, intensity at zero
scattering angle [1(0)], the scaling exponent (v), and the form factor [P(q), calculated at 2.5 mg/mL] for each polymer were performed
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Figure 2. Small Angle Neutron Scattering (SANS) analysis of
single-chain polymer nanoparticles (SCNPs) and pDMA. a) Di-
mensionless Kratky projection of polymers and model proteins.
Small Angle X-ray Scattering spectrum for intrinsically disor-
dered protein, adenovirus early gene 1A protein, was thinned to
include 1 of 10 datapoints for clarity.’® SANS spectrum for
model globular protein, lysozyme, was reproduced without
change.® b) Scattering profile (top) and structure factor (bot-
tom) of polymers. Open symbols are intensities at 30 mg/mL and
lines are form factor fits at 2.5 mg/mL. Data are y-axis scaled
for clarity. Bars indicate q range observed by Neutron Spin Echo
experiments. ¢) Calculated values of Rg and v for polymers from
excluded volume polymer model fitting.

by fitting the SANS intensities to the excluded volume polymer model (Figures 2b-c and S4-7).*! This analysis supports the previously
observed similarities between the analogous copolymers, with similar Rg values for all SCNPs (3-5 nm, Figure 2¢). Furthermore, the
calculated scaling exponents support that FF-DMA (v = 0.43) is more folded than F- and BAA-DMA (v = 0.49 and 0.48 respectively),
and these values are similar to those reported for covalently crosslinked SCNPs, while pPDMA approximates a random coil (v =
0.57).14

A comparison of the P(q) fits for polymer samples in dilute solution (2.5 mg/mL, lines in Figure 2b) to data obtained at the higher
concentration required for NSE experiments (30 mg/mL, open symbols in Figure 2b) enabled the calculation of the concentration
dependent structure factor [S(q, 30 mg/mL) = I(q, 30 mg/mL)/P(q, 2.5 mg/mL)], which is necessary to account for interparticle
interactions when interpreting chain dynamics. A positive structure factor was observed for the SCNPs at low q (i.e., high length
scales), indicating attractive interparticle interactions at high concentrations, whereas pPDMA exhibited interparticle repulsion in the
same q range. The calculated S(q) is small for all polymers in the q range observed by NSE (0.14 > q > 0.04), suggesting that the
measured dynamics are minimally influenced by concentration dependent interparticle interactions.

Having established similar global structures between SCNPs, we sought to determine the effect of local structural differences on
polymer dynamics using DLS and NSE. The NSE experiment was performed at the Neutron Spin Echo Spectrometer at SNS at Oak
Ridge National Laboratory, SNS-NSE, BL-15.* For polymers in dilute solution, many dynamic modes, including center of mass
diffusion, segmental relaxations, and internal dynamic modes, are active and observed in the NSE g-range as a decay in the dynamic
structure factor [S(q,t)]. At each length scale observed by NSE, the decrease of the self-correlation function is faster for pPDMA than
FF-DMA and the analogous SCNPs, demonstrating the restricted mobility across length scales that results from chain folding (Figures
3a and S8-9). Furthermore, FF-DMA decays slower than the F-, and BAA- copolymers suggesting that B-sheet-like interactions
impede chain mobility beyond the constraints of hydrogen-bonding and hydrophobicity (Figures 3b and S9). However, this analysis
does not implicate which dynamic modes are more restricted within the FF-DMA copolymer.

To identify the origins of the dynamic differences between SCNPs formed with different local structures, we sought to isolate specific
relaxation modes. In dilute solution, center of mass diffusion is expected to dominate polymer relaxations, especially at low q, where
length scales exceed the dimensions of a single polymer. A linear fit of DLS diffusion measurements for polymer solutions ranging
1-30 mg/mL was used to extrapolate the center of mass diffusion coefficient (Dcwm) at infinite dilution, representing the dynamics of
a single chain without interparticle interactions (Figures 3¢ and S10). The measured Dcm values for the SCNPs and pDMA were
similar, suggesting the reduction in radius due to folding has a minimal impact on translational motion, consistent with observations
for low molecular weight SCNPs with covalent crosslinks.?®

Extrapolation of the translational motion to shorter length scales measured by NSE, was calculated as
Dcy (g, ¢) = S(q,¢) * Dy (0) (1)
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Figure 3. Dynamics of single-chain polymer nanoparticles
(SCNPs) and pDMA. a) Neutron Spin Echo (NSE) plots for FF-
DMA and pDMA at selected q values. Solid lines are fits of the
stretched exponential function. b) NSE plots for SCNPs and
pDMA at q = 0.08 A-'. Solid lines are fits of the stretched expo-
nential function. ¢) Dcm (open symbols) and Detr (filled symbols)
for polymers. Solid lines are calculated Dcm(q). d) Difference
between Detr and Dem(q) for FF- DMA and pDMA. ¢) B from
stretched exponential fits of polymers. Dotted lines denote char-
acteristic values for diffusive dynamics (top) and Zimm-like dy-
namics (bottom). f) Relaxation times (t) from stretched expo-
nential fits of each polymer. Dotted lines are power law fits.

and was used to determine the surplus of dynamic modes beyond Dcwm at the measured length scales. The effective diffusion coefficient
(Defr), encompassing all of the chain dynamics, was calculated using the exponential function
5(q,£)/5(q,0) = A= exp [=(t * Dess * q%)] (2)
where A is a normalization coefficient and t is time. To compare the dynamics of the SCNPs and pDMA, Desr was corrected for S(q)
and the hydrodynamics factor (H(c); filled data points in Figure 3¢).2’ H(c) was assumed constant as a function of q and was calculated
for each polymer using
H(c) = Dey(c) * S(q@ = 0)/Dcwn(0) 3)
where Dem(c) was obtained from DLS (30 mg/mL).2>?® As anticipated, Derr agrees well with Dew at low g, indicating that translational
diffusion is the dominate relaxation mode observed at long length scales. However, additional relaxation modes are prevalent at
shorter length scales, indicated by Desr that are faster than Dcwm at larger q values.
To illustrate the magnitude of these internal dynamics, the difference between Derand Dem was calculated as AD = Defr— Dem (Figures
3d and S11). As compared to pDMA, FF-DMA and the analogous SCNPs have restricted internal dynamics resulting from their non-
covalent intramolecular interactions. However, this analysis does not reveal the mechanism of these restrictions.
Additional information about the nature of the internal dynamics was obtained by fitting the NSE data to a stretched exponential
function,
S(at) _ _(t\18
5(q,0) =Ax eXp[ (T)] (4)
where A is a scaling factor, 7 is the relaxation time, and B relates to the nature of the dynamics (Figures 3a-b and S9).%? The obtained

values of B indicate dynamic behavior between simple diffusion (f = 1) and that of a semi-flexible chain (Zimm-like relaxations; 3 ~
0.85; Figure 3€).% These values are similar to those obtained for covalently cross-linked SCNPs.?® Furthermore, the q dependence of
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Figure 4. Zimm and Zimm with internal friction (ZIF) models ap-
plied to single-chain polymer nanoparticles and pPDMA. a) Zimm
model (solid lines) and ZIF model (dotted lines) of FF-DMA at se-
lected q values. b) ZIF mode relaxation times for SCNPs and pDMA.
Calculated internal friction values (Tintemal) are listed to the right of
each plot.

T provides additional evidence to support the presence of internal relaxations in this system (Figure 3f). The correlation between q
and 7 for these polymers can be interpreted as the summation of local diffusive motions associated with different polymer segments.*
Combined, these data implicate contributions from secondary relaxation modes, such as the rearrangement of chain segments, to the
dynamics of FF-, F-, and BAA-DMA SCNPs in dilute solution.

To capture and quantify the complicated relaxation mechanisms that differentiate the dynamics of SCNPs with different local scale
interactions, we sought to describe their dynamics with the Zimm and Zimm with internal friction (ZIF) models.*#’ The Zimm model
treats the polymer as a chain composed of N beads connected by ideal springs of length /, and it accounts for hydrodynamic interac-
tions which impede motions as a function of solvent viscosity (). These dynamics are described as

S(q,t) _ 1 _—¢?Demt §N —lqu(n,m,t)
5@ Ne Zn,me 6 (6)

with the correlators

t
K 7
in terms of modes (p), where p = 0 corresponds to the center of mass diffusion of the chain and p > 0 relate to internal motions acting
with decreasing amplitude. The characteristic time for each mode is described as

B(n,m,t) = [n —m|**I> + ¥.)_1 A,cos (%) cos (%)(1 —e

i nR3 -
T = = p T ()
with Re as the end-to-end distance and the Boltzmann constant (ks). The Zimm model was applied to the NSE data collected for each
polymer using the Jscatter software with /, H(c), Dcm, and a y-axis scaling factor as fitting parameters.*®* The viscosity (1) of the
buffered deuteroxide at 25 °C was estimated as 1.24 cP.*® The Zimm model poorly described the experimental dynamics of the
polymers at higher q and longer relaxation times (y* > 10; Figures 4a and S12-15 and Table S3). These results corroborate those from
the stretched exponential fitting and implicate intrachain interactions that impede the motions of polymer segments.

We posited that the deviation from the Zimm predictions, especially at shorter length scales, reflected internal frictions resulting from
the non-covalent interactions, as has been observed for both IDPs and covalently crosslinked SCNPs.?%*® The ZIF model appends a
mode independent time (Tinemar) to each Zimm mode as T4'F = t2™™ + 7,,,,.,.,,.*7 Conceptually, Tinemal represents the impedance to
chain dynamics from internal barriers, such as steric classes and intramolecular interactions. The ZIF model reproduces the experi-
mental data well, reaffirming the impact of non-covalent interactions on polymer dynamics (Figures 4a and S12-15 and Table S4).

The relative effect of each non-covalent interaction to restrict chain mobility was assessed by comparing values of Tinema (Figure 4b).
The FF-DMA copolymer, which forms hydrogen-bonded B-sheet like fibrils, was found to have the largest dynamic impedance from
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internal friction (Tyternat = 111 ns), followed closely by F-DMA that also forms hydrogen-bonds (T;ternai = 103 ns). However,
BAA-DMA, which has a lower propensity for hydrogen-bonding, had significantly less internal friction (Tipernqg = 61 ns). The
dynamics the long DMA segments of the chain likely contribute minimally to the internal friction, as pPDMA had a 7;,;¢pnq; = 46 ns.
Despite their similar static structures, FF-, F-, and BAA-DMA SCNPs exhibit different dynamic behaviors as characterized by internal
frictions, suggesting that the effects of non-covalent interactions compound as the interactions become more complex. These differ-
ences in local scale structures reflect the importance of hierarchical structure to mediate the properties of polymeric materials.

Conclusion

We have demonstrated the use of non-covalent interactions to mediate the dynamics of single-chain polymer nanoparticles (SCNPs)
on a length scale relevant to target functions (pm-nm). Thus, we anticipate that these differences in dilute solution will aid in the
rational design of functional biomimetic materials. Characterization of polymer structure spanning local and global length scales via
SANS found that each SCNP in this study formed folded morphologies like those of intrinsically disordered proteins. Despite their
similar structures, SCNPs in this study exhibited different dynamics as analyzed Neutron Spin Echo spectroscopy. Interpretation of
the polymer dynamics using established Zimm and Zimm with internal friction (ZIF) models highlighted the importance of internal
friction to describe the observed relaxations. Each SCNP displayed more internal friction than extended poly(dimethylacrylamide).
Increasing internal barriers were observed with monomers capable of intramolecular hydrogen bonding (phenylalanine acrylamide)
and B-sheet-like local structure (di(phenylalanine) acrylamide), resulting in slower dynamics. Collectively, these data highlight the
additive role of each non-covalent interaction to induce structure and constrain chain mobility. Leveraging this control of polymer
dynamics through synthetic design will facilitate the development of biomimetic materials with increasingly complex functions, such
as sensors and catalysts that rival the capabilities of native proteins.
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