Volume 21
Number 9

7 March 2025
Pages 1595-1772

Soft Matter

rsc.li/soft-matter-journal

ISSN 1744-6848

ROYAL SOCIETY PAPER

Olga Kuksenok et al.

OF CHEMISTRY Characterizing dynamic heterogeneities during nanogel
degradation ANNIVERSARY

(3



Open Access Article. Published on 17 January 2025. Downloaded on 3/17/2026 9:59:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2025,
21,1624

Received 26th October 2024,
Accepted 16th January 2025

DOI: 10.1039/d4sm01256a

Characterizing dynamic heterogeneities during
nanogel degradationf

Zafrin Ferdous Mira, ' Vaibhav Palkar 2 and Olga Kuksenok (= *

Understanding photodegradation of nanogels is critical for dynamic control of their properties and
functionalities. We focus on nanogels formed by end-linking of four-arm polyethylene glycol precursors
with photolabile groups and characterize dynamic heterogeneities in these systems during degradation.
We use our recently developed dissipative particle dynamics framework that captures the controlled
scission of bonds between the precursors and diffusion of degraded fragments at the mesoscale. To
quantify spatiotemporal fluctuations in the local dynamic behavior, we calculate the self-part of the van-
Hove correlation function for the reactive beads for nanogels degrading in various environments. We
demonstrate strong deviations from the Gaussian behavior during the degradation and quantify variations
in the non-Gaussian parameter as a function of the relative extent of degradation. We show that for the
nanogels degrading in a good solvent, the peak values in the non-Gaussian parameter are observed
significantly earlier than the reverse gel point, and earlier than the peak values in the dispersity of the
broken off fragments. Further, our study shows that a systematic decrease in solvent quality significantly
affects the behavior of the non-Gaussian parameter as a function of the relative extent of degradation.
The findings of this study allow one to quantify the dynamic heterogeneities during degradation in various

rsc.li/soft-matter-journal

1. Introduction

Understanding degradation of polymer networks is critical for a
range of applications, from drug delivery using hydrogel nano-
carriers and tissue engineering’ to diverse applications of hydro-
gels in agriculture, packaging, and water treatment.” In many real-
world scenarios the hydrogel carriers or the remnants of these
carriers need to be removed upon fulfilling the target application,
for example upon performing a site-specific delivery, which in
turn highlights an importance of understanding the degradation
process from the perspective of environmental sustainability.
Photo-controlled bond scission®” is one of the triggers to initiate
delivery of a nanocarrier’s load to a precise location or to permit
dynamic and spatially localized modulation of properties of the
degrading network. It is important to characterize the degradation
process in various environments and the fate of the remnants of
the degraded polymer matrix dependent on the external environ-
ment the degradation took place in.

As a model system, we consider hydrogels formed by end-
linking of four-arm polyethylene glycol precursors,®™" often
referred to as tetra-PEG gel. Tetra-PEG gels originally fabricated
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environments and can potentially provide guidelines for designing controllably degrading nanocarriers.

by Sakai et al.® have been shown to form close to ideal, nearly
homogeneous network provided that the stoichiometric ratio of
two types of precursors is equal to one and overlap concen-
tration is used. Further, the PEG precursors can be readily
modified during their synthesis by including photodegradable
nitrobenzyl or coumarin functional groups,>®™' so that the
resulting network can be controllably degraded under external
illumination. Coumarin-based hydrogels may offer potential
advantages for use in biological applications with respect to
nitrobenzyl-based hydrogels, since the byproducts of photode-
gradation of these networks are biologically inert."* Of parti-
cular interest is design of materials with irreversible
photocleavage of covalent bonds,""'” so that the extent of
degradation can be controlled remotely via external light.
Herein, we focus on the tetra-PEG networks functionalized
with photolabile functional groups to enable controlled photo-
degradation and characterize the dynamic heterogeneities
as the degradation of nanogels takes place. Dynamic hetero-
geneity (DH) refers to the existence of localized spatiotemporal
fluctuations in the dynamic behavior of complex fluids.*"*
To quantify dynamic heterogeneity in either experimental
or theoretical studies, local fluctuations need to be tracked
and characterized in addition to the measurements of the
ensemble-averaged characteristics. Specifically, characterizing
DH allows one to quantify to what extent the properties of the
complex fluid of interest differ from the properties of a

This journal is © The Royal Society of Chemistry 2025
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homogeneous fluid. For example, a deviation of the distribution
of particles’ displacements from the Gaussian distribution
corresponding to Brownian motion in the homogeneous system
can be quantified by the non-Gaussian parameter defined via the
ratio of the 4th moment and the 2nd moment squared of the
particles displacements distribution function. The non-Gaussian
parameter is related to a four-point velocity correlation function,
which in turn characterizes mobility fluctuations.*>*®

DH is an inherent feature of the glass-forming liquids;
characterization of DH informed our fundamental understanding
of the relaxation phenomena in these systems. DH in the glass-
forming liquids reflects the formation and growth of assemblies of
particles of high and low mobilities as the temperature approaches
the glass transition temperature.’*'”'® One of the key questions
is understanding the correlations between the DH and structural
properties;">'® recently, machine learning approaches were
employed to identify structural heterogeneities in supercooled
liquids® and to predict DH in glass-forming liquids at glass
transition temperatures.”*> DH play an important role during
gelation in colloidal systems®** and during the glass transition in
polymers.">*> Interestingly, recent studies showed'>>* that the
glassy plateau shear modulus is proportional to the natural
logarithm of the non-Gaussian parameter, thereby demonstrating
an important correlation between the effective stiffness of the
glassy polymer material and DH quantified via the non-Gaussian
parameter.

To date the role DH plays in structurally complex reactive
systems, such as systems undergoing chemical gelation or
degradation, is significantly less understood. In the recent
experimental study®® of the gelation process in tetra-PEG gels,
DH was characterized via single-particle tracking during gela-
tion of glutarate terminated and amine terminated four arm
PEG stars. This study demonstrated non-monotonic behavior
of the non-Gaussian parameter during the gelation process.
The peak in the non-Gaussian parameter was significantly
delayed with respect to the gel point defined from the rheolo-
gical measurements; these results were attributed to the initial
formation of a highly heterogenous structure, which then
transitioned into the relatively homogeneous network.”® Nano-
particles with hydrodynamic diameter close to the average
mesh size were used in these experiments.*® While particle
tracking microrheology is often used to characterize non-
Gaussian behavior in various networks,>*” it is worth empha-
sizing the importance of the probe particle size with respect to
the characteristic length scale of the polymer networks probed.
Specifically, while the probe particles significantly larger than
the network mesh size allow one to characterize an average
elastic response, the probe particles comparable with the
characteristic length scale of the network allow one to capture
spatial and dynamic heterogeneities.® It is important to note
that the displacements of the probe particle characterize DH of
the medium accessible to the particle, hence it is recognized
that DH of the particle motion does not necessarily reflect the
DH of the entire medium.**

To this end, the DH of the reactive polymer medium can be
directly probed in simulations by characterizing displacements

13,14,17
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of the constitutive components of this medium, such as dis-
placements of the reactive groups or the central crosslinker
beads in vitrimers®*** and displacements of sticky groups or
the centers of mass in the associative polymers.**™*® MD
simulations of telechelic polymer solutions characterized the
relationship between dynamic and structural heterogeneities
due to the micelle formation, which in turn resulted in caging
of the reactive end groups.*® Specifically, this study showed that
the non-Gaussian parameter as a function of a mean squared
displacement (MSD) of the reactive end groups attained max-
imum values at approximately the same values of the MSD for a
range of temperatures considered, with the maximum in the
non-Gaussian parameter found between the average radius of
gyration of micelles and inter-micellar distance.

Herein, we focus on characterizing DH during the process of
controlled degradation of hydrogel particles. Below we first
introduce the mesoscale modeling approach used in this work
and a framework needed to characterize the dynamic hetero-
geneities during the degradation process. For all the cases
considered, we use our recently developed dissipative particle
dynamics approach to capture degradation and erosion in
nanogels*®™! and first characterize degradation by tracking
the distribution of clusters of all sizes and the fraction of bonds
intact as functions of time. In each case, we identify the reverse
gel point corresponding to the disappearance of the percolating
network. We track the self-part of the van-Hove correlation
function, which characterizes the probability distribution of
displacements of the reactive beads during the degradation
process, with respect to their positions at the onset of degrada-
tion. We then systematically characterize the non-Gaussian
parameter as a function of the relative extent of the degradation
reaction for a range of systems encompassing different initial
properties of the nanogels and a range of solvent qualities. Our
study shows that a systematic decrease in solvent quality
significantly affects the behavior of the non-Gaussian para-
meter as a function of the relative extent of reaction.

2. Model

We use dissipative particle dynamics (DPD),”>** which is a
computationally efficient mesoscale approach utilizing soft
repulsive interactions between the beads representing groups
of atoms. This approach was used to model a broad variety of
systems on the mesoscale,>*** including modeling various
polymer networks.®””> The motion of DPD beads is governed
by Newton’s equations of motion.>® For the non-bonded beads,
such as explicit solvent beads in our system, the total pairwise
additive force acting between the beads i and j consists of
conservative (F§), dissipative (F};), and random (Fj) contribu-
tions; all three contributions vanish beyond a cutoff radius, r.,
which introduces an intrinsic model length scale.>® A typical
choice of the conservative force acting between the beads i and j

. i . .
is FS =a[,-<1 fi)ei/, provided that the distance between
rC

these beads, r; = |ry|, is below the cutoff distance r.; herein,

il
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—r,and e; = "V The dissipative and random contribu-
rij
tions Fj and Fj, are provided in Section S1 of ESL{ The
repulsion coefficient between the dissimilar beads relates to
the Flory-Huggins interaction parameter, y;;, as®® a; = a; +
3.27y; for the typical choice of the bead number density of
three, where a;; is the repulsion coefficient between the same
type of beads, which is often derived based on the degree of
coarse-graining, and herein is chosen as”® a; = 78.0 in reduced

kgT

rj=r;

units of . With this parameterization, three water molecules

T

are coarse-grained into one DPD bead, and the dimensionless
cutoff distance r. = 1 is related to the dimensional distance of”®
f. & 0.65 nm. Within the same parameterization, the reduced
units of time in DPD can be related to the dimensional time
as’® t ~ 88 ps via matching diffusion coefficient of water beads
to diffusion coefficient of water. The repulsion parameter
between the polymer and water beads is chosen based on the
PEG-water Flory-Huggins interaction parameter at room
temperature,”’ 7 = 0.45, as dpy = 79.5 in reduced DPD units.
Notably, while water is a good solvent for PEG at room tempera-
tures, its solvent quality decreases at significantly higher
temperatures.”®®* Further, mixed solvents®**®** notably modify
solvent-polymer interactions depending on solvent composition
due to the co-nonsolvency effects, while oils are known to be
poor solvents’® for PEG. In the study below, we vary solvent
quality systematically by increasing ap,, from the value corres-
ponding to a good solvent as given above to the higher value
corresponding to the poor solvent. We recently showed that an
increase in ap,, parameter within the DPD framework with the
same parametrization reproduces collapse in polymers with
complex architectures upon decrease in solvent quality.*®

For the bonded beads, such as beads constituting polymer
precursors (Fig. 1), in addition to the forces defined above, the
bonded interactions are introduced. Herein the bonded beads

. , . . K 2
are taken to interact via harmonic potential Uy, = Tb(rij — ro) ,

where 1, is an equilibrium bond length, and K, is a spring
constant. To mitigate unphysical crossing of polymer chains,
which is a well-known limitation of the standard DPD
approach, we adopted modified segmental repulsion potential
(mSRP)®** formulation, in which an additional force acting
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between the centers of the bonds is introduced provided that
the distance between the centers of these beads is below a
critical mSRP cut-off distance (see Section S1 of ESI,f for
details).

To simulate bond breaking within the nanogel particles,
random numbers are generated for each degradable bond at
each reaction time step, 7,; the bond is broken if the generated
random number is lower than the probability of bond breaking,
P. We had shown®® that with the proposed approach, the ratio
between the number of degradable bonds remaining intact at a
given time instant ¢, and the total number of degradable bonds
in the system, or the fraction of bonds intact, p(¢), accurately
follows first-order degradation kinetics, p = exp(—kt), with the
rate constant k = P/t,. For polymer networks undergoing con-
trolled photodegradation, the degradation occurs significantly
slower”® than the characteristic diffusion times on the relevant
length scales.*”®® Hence, we use a relatively low degradation
rate set by the probability of bonds breaking® P=9 x 107° to
ensure that our system is in a kinetically limited regime.”*%¢
Further details of the simulations and all the simulation
parameters used in this work are listed in Section S1 of ESL¥
In what follows, we provide our simulation results in reduced
DPD units of length and time as’® 7. ~ 0.65 nm, and t ~ 88 ps,
respectively. The probability of bond breaking P is set
constant® independent of the position of degrading bond
within the box, since no light attenuation is expected on the
length scale of the simulation box. It is worth noting that light
intensity within the degrading hydrogels was shown to notably
decrease at depths exceeding a hundred microns,”” which is
several orders of magnitude larger than the size of nanogel
particles considered here.

The LAMMPS simulation package®®*° along with the mSRP
code® was used to integrate the equations of motion; and Ovito
software®® was used to perform visualizations and generate all
the simulation snapshots reported in this work. We use our
recently implemented modification of the mSRP framework,
which allows for the additional mSRP forces to be switched off
as the bonds break;*>*® this modification is implemented
within the LAMMPS simulation package as pair style srp/
react.”” We used the diamond-like lattice*>”*°> as an initial
configuration of the nanogel’s polymer network (Fig. 1a), since
this lattice reflects the initial topology of tetrafunctional

(b)
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Fig. 1

(a) Snapshot of a hydrogel particle made by crosslinking of four-arm precursors prior to equilibration; reactive end beads are shown in red and

blue; junction beads are shown in yellow, and remaining polymer beads are shown in cyan, respectively. (b) Simulation snapshot of the hydrogel spherical
particle equilibrated in water; parameters correspond to case A (Table S1, ESIf). Water beads are not shown for clarity of representation.
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polymer network. We follow procedure detailed in our recent
work®® to construct a spherical gel particle with the chosen
number of beads between the centers of two bonded precur-
sors, N,, and chosen particle size.

Prior to degradation, all the nanogel particles are equili-
brated in solvent. An equilibrated nanogel particle swollen in
water is shown in Fig. 1b. PEG beads are shown in cyan, the end
groups of two types of precursors are shown in red and blue,
respectively, and the solvent beads are not shown for clarity of
representation. The degradable bonds in the system are chosen
to be the bonds between the end functionalities (Fig. 1a). Three
water molecules are represented by a single DPD bead,”® and
the number of beads between the centers of two bonded
precursors, N,, is varied as detailed in Table S1 (ESI{). All the
simulation parameters are listed in Section S1 of ESL{ The
dimensionless box size in the simulation in the reference case
in units of 7. defined above is 60 x 60 x 60, and the dimen-
sionless radius of gyration of the spherical nanogel is R, =
11.99 (Fig. S1 of ESIf), which with the above scaling corre-
sponds to ~7.8 nm.

For all the scenarios considered, we first characterize the
degradation process by tracking the distribution of clusters of
all sizes and the fraction of bonds intact, p, as functions of time
from the onset of the degradation process. The reverse gel
point, or the loss of the percolating network, corresponds to the
peak in the reduced weight average degree of polymerization of

n—1

ST Nii?

1

clusters (or fragments),*>*® DP. (¢) = , where N; is the

n—1

> Nii
1
number of fragments with i beads at a time ¢ and the summa-

tion is taken over all but the largest cluster. By cluster we refer
here to chemically bonded polymer fragment; in addition to

this topological cluster, an agglomerate (or distance-based

cluster) can also be defined based on the distance
criterium.*>*® Notably, a peak position in the reduced
n—1
> Ni?
z-average degree of polymerization, DPL(¢) = ni ; , can also
ST Ni?
i

be used to identify the reverse gel point.*® This definition of the
reverse gel point is based on the characterization of the gel point
while modeling gelation process in finite size systems.”* ¢

We previously quantified the reverse gel point during the
hydrogel degradation via the fraction of bonds intact, p,
corresponding to the peak in DPy, and showed that this value
scales with the total number of precursors, Ny, as’® p. = po” +
¢N, 7, where po° = 0.39 is an analytical estimate for the bond
percolation on a diamond lattice.’” This observed increase in p.
with the decrease in N}, is consistent with analytical theories of
gelation reflecting the finite size of the simulated systems
compared to the infinite number of precursors postulated in
classical percolation theories.””®® The functional form pro-
vided above for the scaling of p. with the number of precursors
N, was taken the same as proposed earlier for percolation
during gelation process.””?®'%° Notably, the gel point values
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close to the values for the bond percolation on a diamond
lattice®” have been reported in experiments for the gelation of
tetra-arm PEG precursors near the overlap concentration. "'
A delay in the gel point during the gelation process is often

attributed to an increased tendency of intramolecular
reactions,26:100,103-106
Identifying p. for each simulation run allows one to calcu-

late the relative extent of reaction, ¢ =117C —r

, as a function of
—Pc

time. While the specific time instants corresponding to the
reverse gel point can differ significantly among the simulation
runs with the same parameters but with different initial trajec-
tories due to the stochastic character of the bond breaking,
quantifying all the relevant dynamic characteristics as a func-
tion of the proximity to the reverse gel point (as a function of )
allows one to identify major features depending on the relative
extent of reaction.

To characterize dynamic heterogeneities (DH) in our sys-
tems of interest, we track the displacements of the reactive end
groups of polymer precursors during the degradation process.
Specifically, we calculate the self-part of the van Hove correla-
tion function of precursor end groups as"'®’

Ny
Gu(r, AT) = N'd<z 3(r — ri(Ar) +r,~(0))>, (1)
i=1

where Ny is a total number of end groups that either formed
degradable bonds in the initial hydrogel network or contribu-
ted to the dangling ends within the initial hydrogel particle, J is
the Dirac delta function, and r{At) is a position of the ith bead
at a time lag At from the moment the degradation was turned
on. Recall that the van Hove function G(r, At) is a density-
density time correlation function,'”” such that G(r, At)dr
defines the probability of a particle j to be found within the
volume dr provided that a particle i was at the origin at At = 0;
hereinj can either be distinct from or identical to i. It is thereby
convenient to separate G(r, A¢) into the “self” part, G, pertain-
ing toj =i (eqn (1) above) and “distinct” part pertaining toj # i.
Thereby Gy(r, At)dr is the probability of particle i to be found
within the volume dr provided that the same particle i was
located at the origin at A¢ = 0. For an isotropic system in three
dimensions, G5 at a given time instant only depends on the
distance of a bead from its original position, r = |r|. Hence the
probability density of finding the bead 7 at a time At at a
distance in the range of r to r + dr from its original position
reads'?” 4nr’Gy(r, Af).

For Brownian motion, eqn (1) is reduced to the Gaussian
distribution,

3
3\ 3

2ﬂ:<r(Az)2> =P 2Tt<r(Az)2>

Gso(r,At) = (2)

where (r(At)?) is a mean squared displacement (MSD) of the
same beads.

In what follows, we calculate the displacements of the beads
representing end groups of precursors (beads shown in red and
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blue in Fig. 1) during the time A¢ since the onset of degradation
for various scenarios and plot the probability density of finding
these beads at a distance within r to r + dr from its original
position, 4nr>Gy(r, At), and compare this calculated probability
density with the expression corresponding to the Gaussian
distribution, 4nr2GS,0. We also track the non-Gaussian para-
meter, o,, which is calculated via the ratios of 4th and 2nd
squared moments of the bead’s displacements, r(Af), and
serves as an important quantitative characteristic of the
dynamic heterogeneities, as

r(A 4
iag 20 o

*((rao))

The non-Gaussian parameter is an excess kurtosis of the
distribution function, defined such that for the Gaussian dis-
tribution of displacements (eqn (2)), o0 = 0.

3. Results and discussion

Herein, we systematically characterize DH in simulations of
controlled degradation for the range of systems encompassing
different initial properties of the hydrogel particle as well as a
range of solvent qualities (cases A-G in Table S1, ESIt). The
parameters provided for the case A correspond to our reference
case scenario. Cases B-D allow us to analyze the effects of
decrease in solvent quality with respect to the reference case,
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while case E corresponds to the same hydrogel particle as in
case A but placed into a smaller simulation box. Finally, the
sizes of the hydrogel particles in cases F and G are chosen such
that the equilibrium radii of gyration in these cases are closely
matching that in case A (Fig. S1 of ESIt), while the values of N,
are varied, so that case F corresponds to significantly higher,
and case G to significantly lower crosslink density than that in
case A.

3.1 Characterizing dynamic heterogeneities upon
degradation of a hydrogel particle in a good solvent

We begin with characterizing DH as a function of the proximity
to the reverse gel point in our reference case scenario (case A in
Table S1, ESIt). In Fig. 2 (top panel), we plot the MSD of the end
groups of polymer precursors as a function of time since the
onset of degradation, At, and in the insets at selected time
instants marked I-V we visualize the placement of the polymer
fragments within the simulation box. This plot shows an
existence of an approximately plateau region, corresponding
to the motion of the end groups effectively “caged” within the
polymer network, where the characteristic length scale corres-
ponding to such caged motion, referred to as localization
length, can be calculated as a square root of the plateau
value."®® A notable increase in MSD (super-diffusive regime)
is observed when a sufficiently large fraction of fragments is
broken off, with the slope reaching unity corresponding to the
diffusive regime upon the degradation of the entire system. The
non-Gaussian parameter, o, (eqn (3)) and the reduced weight

>

2519 0 0000

250 A
200 4

Sf 150
Q 100 A

50 A

0 ‘

In(At)

Fig. 2 Characterization of the degradation process of a nanogel particle, parameters correspond to case A (Table S1, ESIt). Time evolutions of the mean
squared displacement, (r(At)?), non-Gaussian parameter o, and reduced weight average degree of polymerization, DPY,, are shown in top, middle, and
bottom panels, respectively. In the simulation snapshots in the top panel, water beads are not shown for clarity of representation. The fraction of bonds
intact, p, is also shown in the bottom panel (red dashed curve, right axes). The time instant marked by a point IV corresponds to the reverse gel point.
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average degree of polymerization, DPy, along with the fraction
of bonds intact, p, are shown in the middle and lower panels of
Fig. 2, respectively, for the same simulation run. These plots
clearly show a distinct non-monotonous increase in o, as
degradation takes place, with the peak in o, (time instant
marked III) observed significantly earlier than the reverse gel
point (marked IV). This peak approximately corresponds to the
time from the onset of degradation at which the average msd of
all the reactive beads is on the scale of R,’, where R, is the
radius of gyration of equilibrated nanogel (see Fig. S2 of ESIT).
Our results also show further sharp decrease in o, immediately
after the reverse gel point with essentially Gaussian behavior
(o2 ~ 0) at the late stages of degradation. We note that here and
below (unless specified otherwise) we calculate individual dis-
placements of the precursor’s end groups and related average
characteristics (non-Gaussian parameter and MSD) without
accounting for the drift of the center-of-mass of the chosen
type of beads. This choice is made since the diffusion of smaller
clusters that escaped the remnant hydrogel is largely indepen-
dent from the position of this remnant particle while - as
shown further below - these faster clusters contribute the most
to the non-Gaussian dynamics. It is however instructive to
compare the calculated values of o, and MSD provided in
Fig. 2 with the same values calculated while accounting for
the drift of the center-of-mass subtracted out before the dis-
placement is calculated (Fig. S2 of ESIt). As anticipated, the
MSD is somewhat lower, specifically in the caging region, since
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the drift of the center-of-mass is subtracted out, while the o,
attains higher values, but follows similar trends (Fig. S2, ESIT).

To better understand the observed non-Gaussian behavior,
in Fig. 3 we plot the heat maps of the end group displacements
from the onset of degradation (panel (a)) and the probability
density of finding the end group bead i at a time At at a
distance in the range of r to r + dr from its original position
calculated via the self-part of the van Hove correlation function
as 4nr’G, (panel (b)). We consider the following time instants:
(I) shortly after the degradation is turned on, (II) when only a
small fraction (p ~ 0.84) of bonds are broken, (III) the time
instant corresponding to the peak of a«,, (IV) the reverse gel
point, and (V) when all the degradable bonds are broken. The
corresponding time instants (I-V) are also marked on plots in
Fig. 2. We plot the histograms utilizing the Freedman-Diaconis
rule,'® which is used to find the optimal number of bins and
bin width based on the simulation data to better represent the

non-Gaussian behavior of the data. According to the Freed-
1

man-Diaconis rule, the number of bins is proportional to 73,
and bin width is equal to**° 2IQR(x)n’%, where n is the number
of observations and IQR(x) is the interquartile range for an
observable variable x.

These plots demonstrate that at the time instant I, the
magnitude of the displacements of reactive beads with
respect to their position at the onset of degradation remain
low and G; relatively closely matches the Gaussian distribution

(a
400
w
©
200
(b)
v
¢
£
<
200 400
r r
Fig. 3 (a) Heat map of displacements (ds) of reactive beads during the degradation of nanogel at the time instants marked (I-V) in Fig. 2. (b) Probability

density of the displacements of reactive beads at the same time instants; bar plots in blue represent simulation data, and red curves represent Gaussian
distribution. The insets in (II-1V) show close-up of the probability density at higher distances as marked.
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(4nr?Gy g, in red). At the time instant II, a few fragments diffuse
relatively far from the original hydrogel particle, while the
beads within the largest agglomerate appear to have signifi-
cantly smaller displacement (see displacements heat map in
panel (a)). Note that the largest agglomerate might include
some fragments that broke off but remain stuck within this
fragment.’® The corresponding plot of 4nr>Gs includes contri-
butions from the slower group of beads (preferentially located
within the largest agglomerate) with relatively small deviations
from the Gaussian distribution (4nr°G; o in red), and a long tail
(primarily corresponding to the contributions from the end
groups of precursors within the broken off fragments). For
clarity, this tail is shown in the inset of Fig. 3b, time instant II.
This tail in G distribution contributes the most to a notable
increase in o, at the same time instant. Note that here and in all
the subsequent plots based on the self-part of the van Hove
distribution function, the maximum distance r these distribu-
tions are plotted for corresponds to the non-zero probability of
finding an end group bead at this distance; for low probabilities
and long tails, the corresponding insets are shown.

At the time instant III, the distribution of slower moving
beads exhibits more pronounced deviations from the Gaussian
distribution (compare the portion of the bar plot corresponding
to the highest peak in Fig. 3b(IIl) to the red curve corres-
ponding to the Gaussian distribution), and even a longer tail
corresponding to the end groups beads belonging to the broken
off clusters. This specific time instant corresponds to the peak
in o, for the given simulation run (see middle panel in Fig. 2,
time instant III), and exhibits the longest tail in 4n7>G; (i.e., the
overall distribution is strongly skewed to the right). At the
reverse gel point (time instant IV), the deviation of the distribu-
tion of displacements of the slower beads from the Gaussian
behavior is more pronounced, as can be seen from the portion
of the bar plot corresponding to the highest peak in Fig. 3b(IV),
with the maximum values skewed to the left with respect to the
Gaussian distribution (red curve). However, the tail corres-
ponding to the faster end groups becomes relatively shorter
compared to the width of Gaussian distribution at the same
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time instant. The value of o, at this point remains significantly
higher than zero but is also distinctly lower than the peak value
at the time instant III, confirming that the broad tail in the self-
part of the van Hove distribution contributes the most to the
non-Gaussian behavior. Finally, when most of the fragments
are broken off, we observe a return to the Gaussian behavior
(Fig. 3b, time instant V).

Due to the stochastic character of bond breaking, there is
high variability in the system dynamics, from the actual time
instant corresponding to the reverse gel point,*® to the max-
imum observed value of «, (see Fig. 4a for the time evolution of
a, for five simulation runs for case A). Thereby it is instructive
to quantify «, with respect to its proximity to the reverse gel
point, or as a function of ¢, rather than with respect to the time
lag from the onset of degradation. The individual plots o,(e)
and the non-Gaussian parameter averaged over five trajectories,
%z (¢), are shown in Fig. 4b and c, respectively. These results
show that in all cases, a, =~ 0 at the onset of degradation and
again approaches zero upon full degradation, while a signifi-
cant increase in o, is observed prior to the reverse gel point.
Further, examination of the plots of the probability distribution
of displacements of reactive beads and respective heat maps for
all the remaining individual simulations (Fig. S3, ESIt) confirms
that the above trends relating G, distribution to the increase in
o, hold for all the scenarios. Specifically, in all cases prior to the
reverse gel point, 4nr’G, distributions are skewed to the right,
with the longest tails contributing to the highest values of a, for
each individual simulation run. Notably, the same trends in
oy () are observed for case E (same gel particle prior to degrada-
tion, but smaller simulation box) (Fig. S4 and S5a, ESIt), and for
even lower reaction rate with the remaining parameters corres-
ponding to case A (Fig. S5b, ESIt) as long as the degradation
process takes place within a good solvent.

3.2 Quantifying effects of crosslink density

In the next series of simulations, we quantify the effect of the
crosslink density on «,. Herein, we compare the dynamics in
reference case A considered above and in cases F and G, which

r2
r3
rd4
r5

2 0
| 0 10000 20000 36600 40000
o i
0 50000 100000 150000 200000 250000 ~1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00 -1.0 -0.5 0.0 0.5
At £ £

Fig. 4

(@) Non-Gaussian parameter, o, as a function of time from the onset of degradation until the hydrogel is fully degraded. Five independent

simulations (marked rl1-r5) with the same parameters (case A) are shown. (b) Non-Gaussian parameter, a,, as a function of the relative extent of
degradation, ¢, for the same simulations. (c) Non-Gaussian parameter as a function of the relative extent of degradation reaction averaged over all five
independent simulations. The plots are calculated for reactive end group beads.
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correspond to the higher and lower crosslink densities, respec-
tively. The sizes of the equilibrated hydrogel particles in cases F
and G are chosen such that the radii of gyration in these cases
closely match that in case A (Fig. S1 of ESIt), while the values of
N, are varied such that N, = 4 in case F and N, = 10 in case G.
Compared to case A, the number of precursors is approximately
twice higher in case F and approximately 2.3 times lower in case
G (Table S1 of ESIt). For all three cases considered, the
dispersity of the fragments P during degradation reaches
maximum values at approximately the same value of the
relative extent of reaction, ¢ ~ —0.2, i.e. significantly prior to
the reverse gel point, while the peak value of D scales with the
number of precursors,’ thereby attaining a significantly higher
value for case F than that for case D (Fig. 5a). The non-Gaussian
parameter in all cases increases significantly before the reverse
gel point (Fig. 5b). It is worth noting that the maximum values
in o(c) are observed not only significantly earlier than the
reverse gel point but also earlier than the peak in BP. The
simulation snapshots at select time instants and the time
evolution of the MSD are provided in Fig. S6 (ESIt). Notably,
in cases F and G the probability distributions of displacements
of reactive beads exhibit the same characteristic features at the
time instant corresponding to the maximum in o, as that in
case A, as can be seen by comparing probability densities in Fig.
S7 (ESIt) (cases G and F), and the snapshot marked III in Fig. 2
middle row (case A).

3.3 Quantifying effects of solvent quality

Next, we examine the effects of solvent quality on the non-
Gaussian parameter during hydrogel degradation. The solvent
quality is progressively decreased in cases B-D with respect to
the reference case A via increasing interaction parameter
between the polymer and solvent beads to a; = 82 in case B,
a; = 85 in case C, and a;; = 90 in case D. Time evolution of a,
from the onset of degradation in the representative simulation
runs corresponding to all the cases with different solvent
qualities are shown in Fig. 6a. This plot clearly illustrates that
in case B, a, for the chosen simulation run increases prior to
the reverse gel point similar to that in case A, while in case C,
the peak in o, is observed significantly after the reverse gel

(@)
150

100

n)
50 1

0
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-0.5

Fig. 5
extent of reaction, e.
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point (dark cyan curve). For case D (olive curve), «, attains small
magnitude negative values as discussed further below.

The simulation snapshots at the time instants marked I-V
for cases B, C, and D are shown in top, middle, and bottom
rows in Fig. 6b. The time instant III in all the cases corresponds
to the reverse gel point, and the time instant V corresponds to a
time close to the fully degraded systems. The characteristic
simulation snapshots for case B (Fig. 6b, top row) illustrate
visually similar dynamics during degradation to that in case A
(insets in Fig. 2 top row); upon full degradation (time instant V),
individual precursors appear to be well dispersed in case B
similar to that in case A. In case C, the largest agglomerate
remains clearly visible even after majority of the bonds are
broken (time instant V, middle row in Fig. 6b). Finally, in case
D, all the precursors remain within the largest agglomerate,
and no diffusion of precursors away from this largest agglom-
erate is observed even when the system is close to fully
degraded as seen in the simulation snapshots in Fig. 6b,
bottom row.

To better understand the effect of solvent quality on the time
evolution of o, during polymer network degradation, in Fig. 7
we plot the probability densities of displacements of reactive
end groups for cases B, C, and D at the time instants II-V as
marked in Fig. 6a. Note that at the time instant I, the distribu-
tions remain nearly Gaussian for all the cases and hence are not
shown in Fig. 7. The peak in o, for case B is observed at the time
instant II, correspondingly the distribution is strongly skewed
to the right (top row in Fig. 7, image II), and exhibits similar
features as the distribution corresponding to the maximum o,
in case A (Fig. 3b, time instant III). At the reverse gel point in
case B (top row, time instant III), the tail in the distribution
corresponding to the large displacements becomes relatively
shorter with respect to the width of the distribution displace-
ments of the slower population of the end groups, while the
center of the distribution of slower population is skewed to the
left. Again, these features are similar to the features at
the reverse gel point in case A (Fig. 3b, time instant IV). Finally,
the distribution returns to nearly Gaussian form when all the
bonds are broken (time instant V in the top row in Fig. 7).

The time evolution of 4n7>G; in case C is drastically different
from that in Case B (middle row in Fig. 7). At the time instant II,

(a) Averaged dispersity, B, as a function of the relative extent of reaction, ¢. (b) Averaged non-Gaussian parameter, &z, as a function of the relative
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Case D

(a) Time evolution of the non-Gaussian parameter during the degradation process for cases A, B, C, and D as marked in the legends. A single

simulation (seed rl) is shown for each parameter set. (b) Simulation snapshots at time instants marked (I-V) in (a) for cases B, C, and D in top, bottom, and
middle row, respectively. Water beads are not shown for clarity of representation.

the distribution of slower end groups is significantly narrower
than the Gaussian distribution, indicating that a population of
slower beads undergoes cooperative motion, resulting in small
magnitude negative values of «, at this time instant as seen in
the plots of the non-Gaussian parameter as a function of the
relative extent of reaction provided in Fig. S8a (ESIt) for the
individual runs. The displacements distribution at the time
instant IV, corresponding to the peak in o, for case C, exhibits
similar characteristic features as the distribution in the top
panel (case B) at a time instant II, also corresponding to a high
value of o,. Finally, we no longer observe a return to the
Gaussian distribution upon breaking most the degradable
bonds (time instant V); this non-Gaussian behavior is attribu-
ted to the existence of a larger agglomerate composed of

broken-off precursors due to relatively low affinity between
polymer and solvent. Notably, this type of behavior persists in
a fully degraded system, as seen in Fig. S9 (ESIt), where the heat
maps of displacements and 4nr>G; distributions of end groups
are shown for the cases of various solvent qualities.

Finally, the distribution of displacements of end groups is
dramatically different for case D (bottom row in Fig. 7) than
that for all the remaining cases. The distribution of displace-
ments of the end groups, in this case, is significantly narrower
than the Gaussian distribution, and no long tails are observed
during the entire degradation process, indicating that an entire
population of end groups undergoes cooperative motion due to
poor solvent quality, consistent with the simulation snapshots
(Fig. 6b). It is known that the cooperative motion of a

Case B

Case C

| 125 150 175 |

0.06 0.06
0.10
5 0.10 & $0.04 & 0.04
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0.00 .00 0.00
10 20 o 000 10 20 30 0 20 40 20 40
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Fig. 7 The probability density of the displacements of reactive beads during degradation at the time instances marked (I1-V) for cases B, C, and D in the
top, middle and bottom panels, respectively. The probability density corresponding to the Gaussian distributions are shown in red. The zoomed-in insets
show probability density at higher displacements at time instants |-V for cases B and C.
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population results in the negative values of o,.>%"'*"'" The
values of o, during the degradation (five individual simula-
tions) are provided in Fig. S8 (ESIt). A similar distribution of
displacements of reactive end groups holds for a fully degraded
system (case D, Fig. S9, ESIt). Note that at the onset of the
degradation process, the motion of the end groups is effectively
caged within the polymer network (first plateau in Fig. S10,
ESIt), while upon reverse gelation, the precursors are caged
within the polymer agglomerate (second plateau in Fig. S10,
ESIT). This second plateau corresponds to the dimensional
length of ~11.25, which in turn closely corresponds to the

radius of the agglomerate, ~ /5/3 R, ~ 10.2, where Ris taken
for the case D as given in Fig. S1 (ESIY).

The behavior of the non-Gaussian parameter as a function of
the relative extent of reaction, ¢, averaged over five simulation
trajectories, is shown in Fig. 8 for the cases B, C and D. In case
B (Fig. 8a), oz (¢)remains low at the initial stages of degradation
(approximately for —1 < e < — 0.75), then this value increases
significantly during the degradation, with the high values
observed prior to the reverse gel point (prior to ¢ = 0). Finally,
for the fully degraded system, the motion of precursors returns
to close to the Gaussian motion with o, ~ 0 in each of the
individual simulation runs (Fig. S8a, ESIt). This behavior is
similar to that for case A (Fig. 4c), since the affinity between the
polymer and solvent is only slightly decreased in case B
compared to that in case A. A broad distribution in locations
of peak o, for individual simulation runs results in the broad-
ening of o;(¢) peak.

Further decrease in solvent quality significantly affects the
oz (¢) dependence. In case C, the increase in o;(¢) is observed
prior to the reverse gel point (approximately for ¢ > —0.5),
however, the peak values in o, (¢) distributions for the indivi-
dual runs are reached at or after the reverse gel point (Fig.
S8(b), ESIt), resulting in a consistent increase in a;(¢) after the
reverse gel point. We note that the absolute values of «, in cases
C and B are below the average values observed in the case A. For
the case of a poor solvent (case D), a, attain low negative values
for all the individual simulation runs (Fig. S8c, ESIf), in some
instances, approaching a limiting value of «, & —0.4, which in
turn corresponds to ideal cooperative motion (i.e., the same
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displacements of all the beads considered). Case D corresponds
to a sufficiently poor solvent so that all the precursors that are
broken off remain within the same agglomerate which diffuses
as a whole in the solvent.

4. Conclusions

Herein, we characterized dynamic heterogeneities during con-
trolled degradation of tetra-PEG nanogels and quantified the
non-Gaussian behavior of hydrogels degrading in solvents of
various quality. We used our recently developed DPD frame-
work that captures the controlled scission of bonds between the
precursors and diffusion of degraded fragments at the
mesoscale.*®>® We tracked the self-part of the van-Hove corre-
lation function, G, which characterizes the probability distri-
bution of displacements of the reactive beads during the
degradation process, with respect to their positions at the onset
of degradation. We characterized the non-Gaussian parameter,
oy, as a function of the relative extent of degradation reaction, ,
which indicates the proximity to the reverse gel point. Our
results show distinct non-monotonous increase in the non-
Gaussian parameter as degradation takes place, with the peak
in a, observed significantly prior to the reverse gel point for our
reference case scenario (referred to as case A above). The same
trends in a»(¢) dependence are observed for all the scenarios of
nanogels considered herein, including nanogels with different
crosslink densities, provided that the degradation takes place
in a good solvent. This result is consistent with the recent
experimental observations during the gelation of tetra-PEG
precursors, which demonstrated non-monotonic behavior of
the non-Gaussian parameter as measured by the single particle
tracking, with the peak value in o, significantly delayed with
respect to the gel point defined independently in the same
experiments.*® While it is recognized that the DH of the tracer
particle motion does not necessarily reflect the DH of the
medium®* (as discussed in the introduction), the similarity
between the trends in the experimental observations of the
delayed peak in the non-Gaussian parameter with respect to the
gel point®® and observations of the peak in «, of reactive beads
displacements significantly prior to the reverse gel point in

(a) (b) (c)
| 41 :
2.0 1 1 I
1 5 : 0.0
15{ @j=82 i 1
1 1,
~ 2 ; o~ —0.14
T 107 ) ) a;=85 S|
1 1
051 i 1 i -0.21 ;
1 1 g
i 0 ,I 1|
0.0 4 | 1 1
] i -0.3 4 !
-1.00-0.75-0.50-0.25 0.00 0.25 0.50 -1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5
& £ €

Fig. 8 Non-Gaussian parameter, o, as a function of the relative extent of reaction, ¢, of reactive beads for cases B, C and D in (a)-(c), respectively.

Averages are taken over five independent degradation simulation runs.
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simulations points out to comparable trends in quantifying DH
either by tracking the motion of the reactive end groups or by
the single particle tracking experiments in the respective cases.

Note that an increase in o, for the systems degrading in a
good solvent is observed in our simulations not only signifi-
cantly earlier than the reverse gel point but also notably earlier
than the peak value in dispersity, D. It is worth noting that the
peak in P is also observed prior to the reverse gel point
(approximately at ¢~ —0.2) for all the crosslink densities
considered in this study. Examination of the plots of the
probability density of displacements of reactive beads allows
one to highlight the following trends relating G to an increase
in o, for hydrogels degrading in a good solvent. First, during
early stages of degradation, when only a small number of
degradable bonds are broken, Gy distribution follows a Gaus-
sian limit, and correspondingly, the values of «, are close to
zero. As the degradation proceeds and a significant fraction of
bonds is broken, yet significantly prior to the reverse gel point,
4nr®G, distributions become skewed to the right, with the long
tails contributing to the highest values of a, for each individual
simulation run of nanogels degrading in a good solvent. At the
reverse gel point, the deviation of the distribution of displace-
ments of the slower population of beads from the Gaussian
behavior is clearly pronounced, with the position corres-
ponding to the maximum 4nr>G, values skewed to the left with
respect to the Gaussian distribution. However, the tail corres-
ponding to the faster beads becomes relatively shorter com-
pared to the width of Gaussian distribution; correspondingly,
the value of a, at the reverse gel point remains significantly
higher than zero yet notably lower than the peak value. Finally,
when most of the fragments are broken off, we observe a return
to the Gaussian behavior, such that G distribution follows a
Gaussian limit and a, & 0 in all the cases of nanogels degraded
in a good solvent considered herein.

Further, our study shows that a systematic decrease in
solvent quality significantly affects the behavior of the non-
Gaussian parameter as a function of the relative extent of
degradation, e. A small decrease in the affinity between the
polymer and solvent beads (case B) results in the non-Gaussian
parameter behavior similar to that for case A, with a broader
distribution in peak values of «, for the individual simulation
runs resulting in broadening of averaged high values of o;(¢).
Further decrease in solvent quality significantly affects the a;(¢)
dependence. With further decrease of solvent quality (case C),
the peak values in o, (¢) distributions for the individual runs are
observed at or after the reverse gel point, resulting in a
consistent increase in o;(¢) after the reverse gel point. The
maximum absolute values of the @;(¢) in cases C and B are
below the values of &;(¢) in case A. For the case of a poor solvent
(case D), the non-Gaussian parameter attains small negative
values for all the individual simulation runs. In this case all the
precursors that are broken off remain within the same agglom-
erate, which diffuses as a whole in a poor solvent resulting in
similar displacements of reactive end beads and correspond-
ingly in negative values of «,. The findings of this study allow
one to quantify the dynamic heterogeneities during nanogels’
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degradation in various environments, and the distribution of
the fragments of controllably degrading nanocarriers depend-
ing on the relative extent of degradation reaction.
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