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Abstract

Via mesoscale simulations, we characterize the process of controlled degradation of nanogels
suspended in a single solvent and those adsorbed at the liquid-liquid interface between two
incompatible fluids. Controlled degradation is of interest since it can be used to dynamically
tailor size, shape, and transport properties of these soft particles. For the nanogels adsorbed at
the liquid-liquid interfaces, controlled degradation can provide a means to dynamically tailor
interfacial properties at the nanoscale. To characterize degradation process, we track the
structural characteristics of the remnant nanogel, such as its radius of gyration and shape
anisotropy, and spaciotemporal distribution of the broken-off fragments. We use Dissipative
Particle Dynamics (DPD) approach with an adapted form of the modified Segmental Repulsive
Potential (mSRP). We identify reverse gel point and characterize the scaling of this point with
the finite number of polymer precursors in the system. Further, we characterize the effects of
polymer-solvent interactions on the evolution of shape and effective size of the nanogel during
the degradation process. We show that for the nanogel adsorbed onto the liquid-liquid
interface the extent of spreading is controlled by the relative extent of degradation. We
demonstrate that depending on the properties of the soft interface, broken-off fragments can
either disperse into one of the phases or adsorb onto the interface enhancing the interfacial
coverage and controlling interfacial properties at the nanoscale. Our study provides insights
into using controlled degradation to dynamically tune shapes of nanocarriers and nanoscale

topography at the liquid-liquid interfaces.



Introduction

Nanogels and microgels find their uses in a broad range of applications including drugs
and biomolecules delivery and controlled release! 2, catalyst carriers?, interfacial catalysis?,
stimuli responsive emulsion stabilizers®, and fabrication of scaffolds for cells and tissue culture®.
These polymeric particles can be fabricated of various shapes, sizes, softness>’, and with
tailored stimuli-responsive functionalities. Recent advances in synthesis of functional nanogels
and microgels and their applications are surveyed in a number of recent reviews”®. The
equilibrium size of a microgel swollen in a solvent depends on solvent quality and is defined
by the balance between the osmotic and elastic contributions to the stress tensor. This balance
can be externally controlled for a broad range of stimuli-responsive hydrogel networks that
can respond to environmental changes such as changes in pH'?, temperature'®!!, and external
light!?. As an example, thermoresponsive poly(N-isopropylacrylamide)-based gels undergo a
temperature induced volume phase transition resulting in a fraction of water being expelled
from the network, ultimately causing a particle collapse and respective reduction in microgel
size!® 1113, Photodegradation of nanogels and microgels can be used to remotely control drug
delivery'* or to control properties of scaffolds for multidimensional cell culture®.

Nanogels and microgels are also extensively used in multi-component systems with two
incompatible liquids, where the particles adsorb onto and spread over the liquid-liquid
interface effectively decreasing the interfacial tension. In this case, the equilibrium structural

characteristics, such as shape and size, of nanogel particles are determined by a range of factors



including interfacial tension between the two liquids, particle elasticity, and affinity of the
nanogel polymer to either liquid phase. An extent of deformation and an effective depth of
protrusion of microgels into each of the two liquid phases depends on the affinity between the
polymer strands and each of these phases* > 6. The interfacial tension between the two liquid
phases also significantly affects the microgels spreading, with higher extent of spreading
observed for higher interfacial tension'. Softer nanogels spread to a greater extent over a
liquid-liquid interface compared to more densely crosslinked nanogels and hence provide
better emulsion stability>. Further, the spreading of the microgels and nanogels can be
controlled dynamically via a range of external stimuli'®, making these particles excellent
candidates for emulsion stabilizers to form Pickering emulsions> '8, Similar to the microgels in
a single solvent, a volume phase transition can be triggered in thermoresponsive or pH-
responsive gel particles adsorbed at the interfaces resulting in a reduced interfacial coverage
due to particle collapse and a subsequent loss of emulsion stability!* 1.

Herein, we characterize controlled degradation of a nanogel particle in a single solvent
and at the liquid-liquid interface. Controlled degradation is of interest since it can be used to
dynamically tailor size, shape and thereby transport properties of nanogels and microgels in
various environments. In particular, photo-triggered degradation can be turned on and off
remotely, which could bring further advantages to regulate properties of these soft particles
and rates of cargo release from these nano- and microcarriers. For the nanogels adsorbed at the
liquid-liquid interfaces, controlled degradation could provide means to dynamically tune

properties of these interfaces, such as interfacial tension and topography of a liquid-liquid



interface. Unlike rather comprehensive understanding of gelation processes for various
polymer systems, understanding of the process of network degradation to date remains limited.
Controlled degradation can be introduced in micro and nanogels via several pathways®.
Previous experimental studies provide insights into the erosion of the microgels with
chemically labile crosslinkers?"?2 and microgels with blocks degradable via hydrolysis of ester
bonds?. Progress of microgel degradation in experiments has been tracked via measurement
of the size of microgel particles either in suspensions’?*2* or adsorbed on a solid substrate" 22,
Measurements in suspension show distinctly different profiles for microgels with homogenous
network architecture compared to microgels with an initial core-shell structure?. The
measurements at the surface are either performed by direct observation of degradation of
microgel particles adsorbed on a solid substrate?! or by extracting the nanogel particles from
the degrading medium and then depositing them on a solid substrate for measurements and
characterization?.

Since nanogels and microgels are soft polymer networks with characteristic linear sizes
on the order of tens to hundreds nanometers to tens of microns, respectively, mesoscale
modeling approaches are commonly used to capture their behavior in solvents and at the
interfaces. Dissipative Particle Dynamics (DPD)%»%, a mesoscale approach that has been used
for modeling a broad range of multi-component systems?*, is often chosen to model behavior
of microgels at liquid-liquid interfaces* !> 144 To model controlled degradation and erosion
in hydrogels, we recently adapted a modified segmental repulsive potential (mSRP)* to

overcome unphysical crossing of polymer chains along with modeling degradable bonds*>°.



As a model polymer network, we focused on gels synthesized by the end-linking of four-arm
polyethylene glycol (PEG) precursors®' 3 originally fabricated by Sakai et al>3. These precursors
can be modified during their synthesis by including photodegradable functional groups, for
example nitrobenzyl>*>® or coumarin®" >* groups. We showed* that the reverse gel point
characterizing disappearance of the percolated network is close to but somewhat higher than
the value predicted by the bond percolation theory on a diamond lattice®” 3. In what follows,
we use the same model polymer network with controllably degradable crosslinks between
four-arm polymer precursors* and focus on characterization of structural characteristics of the
remnant nanogel and distribution of broken-off fragments during the degradation process.
We consider degradation of nanogels in a single solvent and at the liquid-liquid interface. We
show that the affinity between the polymer and solvent strongly affects the evolution of shape

and size of the remnant nanogel during the degradation process.

Methods

First we outline the DPD formulation used in this work, further details of this
methodology and most recent developments can be found in the original publications® 2>
and in the recent reviews?” %, respectively. Within the DPD approach, groups of atoms are
coarse-grained into beads, with their motion being governed by the Newton’s equations of
motion®:

= Fi) (1)



where 1;, V;, and p; = mv; are the position, velocity, and momentum of the bead i of mass m,
and F; is total force acting on this bead. For the non-bonded beads, this force encompasses
three contributions, F; = ).(F lC] + F 3- +F fj), with the summation being taken over all other
beads (j # i) within a cut-off distance 7., and F l-Cj,Fg-, and Ffj representing conservative,
dissipative, and random forces, respectively?. We use the most common choice of the

conservative force?6 >

F¢ = {aif(l - rij/rc)eij (ri]' = rc)
l 0 (T‘U > rc)'

2)
which corresponds to soft repulsive potential, where the maximum repulsion between the
beads i and j is defined by the interaction parameter a;;, 7;; = |r;;| is the distance between
these beads, r;; = r; - 1, and e;; = r;;/r;; is the unit vector between the centers of these
beads. We set the bead number density to three with 7, temperature, and mass of each bead
set to 1.0 in reduced DPD units® %. For the beads of the same type, the repulsion parameter is

chosenas a; = 78.0 (here and below, the a;; values are provided in the reduced DPD units®,

'%T). This choice corresponds to the three water molecules coarse-grained into a single DPD

bead with r, = 1 in reduced DPD units related to the dimensional value of* 7. = 0.65nm. This
mapping was originally derived by Groot and Rabone® to model lipid bilayers with each DPD
bead incorporating three carbons. It is worth noting that higher degrees of coarse-graining can
also be used in DPD simulations; for example, DPD parametrization of polymer chains
containing hydrophilic (oxyethylene) and hydrophobic fragments was detailed by Lee et al®

for a range of parametrization of DPD bead sizes (ranging from 3 to 6 water molecules per



bead). For the parameter choice introduced above (three water molecules coarse-grained into
a single DPD bead), one hydrophilic bead was taken to represent® 1.5 CH2OCH: groups and
one hydrophobic bead represented three CH: groups, same as in Ref. ®. Herein we use the
same mapping of DPD beads® ¢!, so that one bead of the PEG polymer strand composing
nanogel represents 1.5 CH2OCH: groups and one oil bead represents three CH2 groups.

The interaction parameter between the beads of different types is chosen based on
the affinity between the respective moieties as®*® a;; = a;; + 3.27y;;, where y;; is the Flory—
Huggins interaction parameter. The repulsion parameter between the polymer and water
beads is chosen based on the PEG—water Flory—Huggins interaction parameter®, x = 0.45, as
apw = 79.5, and the repulsion parameter between the polymer and oil beads is chosen as
ap, = 85.0. Both these values are close to the values chosen in Ref. ® to capture the
interactions between polyethyleneoxide and water beads and polyethyleneoxide and oil beads
(where one DPD bead represents three CH: groups), respectively. For simplicity, the
degradable end groups are taken to have the same solubility as PEG beads. We vary the
repulsion parameter between the water and oil phase in the studies below by setting a,,, =
100, a,,, = 120, and a,,, =150 in selected series of simulations; note that an increase in a,,,
corresponds to an increase in the interfacial tension between the oil and water phases®.
Within the range of chosen values of a,,,, the oil phase is immiscible with water; it had been
previously shown in DPD simulations by Nair et al % that the dependence of a mean square

radius of gyration on the degree of polymerization of chains composed of oil beads with a,,, =



100 follows an anticipated scaling for poor solvent. The specific choice of the repulsion
parameters in each simulation series below along with the system sizes is provided in Tables
S1 and S2 of the Supplementary Information.

The remaining two contributions to the total force between the non-bonded beads,
dissipative and random forces, read?: FZ- = —ywp (rij)(eij . vij)eij and Ffj = owpg (rij)(ij .
At~%3e;;; here, y and o are the strengths of these forces, v;; = v; - v; is the relative velocity,
At is the simulation time step, and {;; is symmetric Gaussian random variable with zero mean
and unit variance. The following conditions are imposed to satisfy the fluctuation-dissipation

theorem:**** ¢ = /2ykgT = 3 and w;(1;j) = w3 (1; ;). We chose the weight functions in the

. Tii . .
same form as the conservative force, w? (’I’i j) =1- %, for r;; < 1. and zero otherwise; while
c

this is the most common choice, other choices are also permitted® as long as the above
conditions ensuring fluctuation-dissipation theorem are satisfied. The time step is set at At =
0.027; relating reduced DPD unit of time to the respective dimensional value can be done via
matching the diffusion coefficient of water beads as®® T ~ 88 ps. Unless stated otherwise, all
quantities in this work are provided in reduced DPD units, with 7; as the unit length, T as the
unit time, and kT as the unit of energy.

For the bonded beads an additional force is introduced in eq. (1) corresponding to the
. . K 2 .
harmonic potential, Uyypng = 7” (ri ;= rb) , where we set® K, = 10 as a spring constant and

1, = 0.7 as an equilibrium bond distance. To prevent unphysical crossing of polymer chains,

we also adopted modified segmental repulsion potential (mSRP)*® DPD formulation. In mSRP



DPD, a force acting between the centers of the bonds separated by a distance d;; = |di j| below

the cutoff distance d,, is introduced as :

) 68 (g
FpPe* ={b (1-2)e s 3)
0 ij=tc

dij . .
where efj = d—.J‘ . Weset b = 80 as the maximum strength of the mSRP repulsion and d, =
ij

0.8 as the mSRP cut-off distance; these values were shown to effectively minimize topology

violations in the original framework* and in the subsequent studies*. The LAMMPS
simulation package ® ¢ along with the mSRP code*® was used to integrate the equations of
motion; and Visual Molecular Dynamics software®” was used to perform all visualizations
reported in this work.

To simulate bond breaking within the nanogel particles, random numbers are
generated for each degradable bond at each reaction time, 7,, which is taken ten times larger
than the time for each update of positions of the beads®®7?, t,, = 10At. The bond is broken if
the generated random number is lower than the probability of bond breaking, P. After a bond
breaking event occurs, the two beads remain unbonded for the rest of the simulation with no
change to the interaction parameters of these beads. Similar stochastic approaches have been
used previously for various reactive systems’! 7. Using this approach the fraction of degradable
bonds intact at a given time, p(#), accurately follows first order degradation kinetics, p=
exp(—kt), with the rate constant® k= F/t. For various polymer networks undergoing
controlled photodegradation, the degradation occurs’' orders of magnitude slower than the

characteristic diffusion times on the relevant length scales**°. Hence we use relatively low
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degradation rate set by* P =9-107° (corresponding to degradation rate of k =
4.5x1075771) to ensure that our system is in a kinetically limited regime>* 7', It should also
be noted that although bond breaking can take place every ten timesteps, we only store the
bead trajectories every t,; = 1000At to decrease file sizes with minimal loss of information.
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”.

The diamond-like lattice’"7¢ is used as an initial configuration of the nanogel’s polymer
network. An effective “unit cell” is created by first placing tetra-functional beads at lattice sites
and then placing N, /2 beads for each of the four polymer arms*, so that there are N, beads
between the centers of two bonded precursors. To create nanogel particles, we first replicate
this unit cell N,., times in each of the x, y, and z directions. The fractional precursors with a
functionality less than four at the faces of the initially cubic network are deleted and a sphere
is drawn inside the cubic network with its center as the center of the cube and a diameter
(D¢yt) smaller than the side length of the cube. All precursors with any bead outside of the
sphere are deleted to generate approximately spherical nanogel particle with an integer
number of total precursors N,, and with dangling chains at the surface of the network®. All
the parameters used for constructing the initial network are provided in Table S1. Prior to the
production runs, all the nanogels are equilibrated in the water phase for 12x10° time steps

without allowing for degradation. An equilibrated nanogel particle swollen in water is shown
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in Fig. 1b. PEG beads are shown in cyan, and the end groups of both precursors are shown in
red and blue, respectively. For clarity of representation, the water beads are hidden. The
degradable bonds in the system are chosen to be the bonds between the end functionalities
(Fig. 1a) since the cleavable sites are typically chosen to be in the proximity of the end
functionality®" 8. Three water molecules are represented by a single DPD bead, the oil phase
is modeled using short chains with four beads each®, and the number of beads between the

centers of two bonded precursors, N,, is varied as detailed in Table S1.

12



19.
[ ]
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Figure 1. Nanogel degradation in water and at the oil-water interface. (a) Schematic of the
fragment of nanogel network with degradable bonds. Snapshots of a single nanogel
corresponding to the reference parameter set (set F in Table S1), (b-d) nanogel degradation in

good solvent and (e-j) degradation of a nanogel initially adsorbed at the oil-water interface.
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Dimensionless time, in units of 7, is t=0 in (b, e, h), t=10,000 in (c, {, i), and t=22,000 in (d, g,
j). Polymer beads are colored as described in the text, oil beads are shown in red and water
beads are hidden for visual clarity. (e-g) Side view and (h-j) top view of the nanogel at the
interface. In the above snapshots, the largest cluster is highlighted while all other polymer

beads shown as translucent.

The processes of degradation of nanogels in a single solvent and degradation of nanogels
adsorbed at the liquid-liquid interface are characterized and compared in this study. In all the
simulations of the gel particles degrading in a single solvent, bond breaking is switched on
immediately after the equilibration step and the degradation is carried on for 3x10° time steps.
In all the simulations involving degradation of the nanogels at the liquid-liquid interface, the
nanogels equilibrated in water are first placed into the water phase in the binary oil-water
system and are allowed to adsorb onto the interface and attain a new equilibrium shape. The
degradation is turned on only after the gels are equilibrated at the liquid-liquid interface; then

the degradation study is carried out for 3x10° time steps.

Results and Discussion

Characterizing nanogel degradation in bulk and at the liquid-liquid interface

We first characterize degradation of a nanogel depending on its environment via
tracking and comparing the main characteristics of the degradation process for the same

nanogel particle swollen in a good solvent and adsorbed at the liquid-liquid interface. The
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snapshots during degradation are shown in Fig. 1 with panels b-d corresponding to degradation
in water and panels e-j corresponding to degradation at the oil-water interface. The parameters
are chosen corresponding to the reference parameter sets (Tables S1 and S2). Prior to the onset
of degradation, the nanogel swollen in water attained approximately spherical shape upon
equilibration (Fig. 1b). During degradation, the breaking of bonds results in an effective
decrease in crosslink density accompanied by detachment of fragments from the nanogel
particle. To characterize the degradation process, we first define a cluster as a set of bonded
precursors at any stage during the degradation®. In a similar manner, we define the nanogel
as the largest cluster of bonded precursors at a given time instant. This definition is relevant
until the reverse gel point, since only until this point the largest cluster represents the remnant
part of the original nanogel, as can be seen in Fig. S1. The largest cluster of chemically bonded
precursors is highlighted in all images in Fig. 1, while the detached fragments are shown as
translucent. The decrease in the effective crosslink density is pronounced at relatively early
times, during which approximately homogenous swelling of the remnant nanogel in water is
observed (Fig. 1c, also see quantitative characterization below). At this stage, a fraction of the
fragments that are detached from the nanogel diffuses away from the network while some
fragments remain stuck inside the particle. At late times, due to detachment of sufficiently
large fraction of fragments, the nanogel loses its spherical shape.

In comparison to the nanogel in the water (Fig. 1, top row), the nanogel at the liquid-
liquid interface has an initial asymmetric shape prior to the degradation (Fig. 1e,f). This shape

is defined by the interplay between the energetically favorable shielding of oil-water contacts
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and an energy penalty due to the increase in elastic energy contribution upon nanogel
deformation. Prior studies demonstrated effective flattening of gel particles at the interfaces>
.15 with more pronounced interfacial spreading of loosely crosslinked gels. The specific
deformation and the depth of protrusion into each liquid phase depends on the affinity
between the polymer strands and these liquids phases* !> !¢, For the chosen affinity of the
polymer network with both liquid phases (see Model section), the nanogel adsorbed at the
interface largely remains in the water attaining close to hemispherical shape prior to
degradation. Similar to the nanogel in water considered above, at the beginning of degradation
the decrease in crosslink density is notable and correspondingly leads to the enhanced
spreading and interfacial coverage (Fig. 1f,i). The remnant nanogel particle along with most of
the detached fragments remains adsorbed at the interface with the adsorbed fragments
diffusing along the interface to promote shielding of a large number of unfavorable oil-water
contacts. The fragments that detach while in the water phase are also later adsorbed by the
interface (one such fragment is highlighted in Fig. 1f). Below we characterize the reverse

gelation transition for the nanogels at the interface and that in a single solvent.

Characterizing nanogel size, shape, reverse gel point, and mass loss

Prior to the degradation the nanogel constitutes the only cluster in the system. During
the degradation process, clusters of different sizes (i.e. both different numbers of precursors

and different geometric sizes) and shapes are formed in the system. The nanogel particle,
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defined above as the largest cluster of connected precursors, contains N(t) precursors at any
time, out of the initial N,, precursors in the original nanogel. We measure the size and shape
of the degrading remnant nanogels via the gyration tensor of the largest cluster at any time.

: : L Ny <Np (i (i i)
The components of the gyration tensor are given as Sy, = %5 %7 (rh—n) (i —1)),
b

where m,n indicate cartesian directions, N, is the total number of beads comprising the
nanogel and 7}, is the m-th component of the position vector r! of the #* particle. The
eigenvalues of the gyration tensor, A, 4,,and A3, provide a measure of characteristic size
squared along three principle directions and allow one to calculate the radius of gyration, R,
and the shape anisotropy, k?, as:

R =2+ 2+ 23 (4)

and

2 _ 3(A3+23+43)) 1 5)
T 2(A+2,+43)2 2°

K

The k2 is typically used to characterize shapes of various polymeric species’”’” and ranges from

k? = 0 for an ideal sphere to x* = 0.25 for a planar object (with A; = 1, and A3 = 0) to k% =

1 for points on a line”. For linear polymer chains, k* ~ 0.43 and =~ 0.39 in good and theta
solvents, respectively 8082,

The time evolution of R, and k? for a nanogel particle (reference parameter set F in

Table S1) degrading in water (black curve) and at the interface (red curve) is provided in Fig.

2a,b. The values at t = 0 indicate the equilibrium values prior to degradation. As degradation

begins, the R, of the nanogel in the water increases approximately up to t ~ 19,000 for the
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chosen simulation run (Fig. 2) and then decreases. During the initial increase in Ry, up to t =
10,000, there is no significant change in k?. Close to zero values of k? correspond to the
equilibrium spherical nanogel shape prior to and during initial stages of degradation. Hence,
the nanogel size initially increases without any notable increase in shape anisotropy; this
indicates that the nanogel undergoes approximately homogenous swelling maintaining the
spherical shape during this initial phase of degradation. The second portion of the increase in
R, is somewhat less smooth (at times approximately within the interval t € [10*: 1.9 - 10*] for
the simulation in Figure 2); during this time frame, some increase in k2 is observed, indicating
notable deviations from spherical symmetry. The latter sharp decrease in R, is accompanied
by a significant increase in the shape anisotropy. As we show below, this decrease in R, and
increase in k% correspond to the reverse gelation transition. At late times the measured value
of R, and k? correspond merely to the largest polymeric cluster in the system and not to the
remnant nanogel (as discussed in Fig. S1). Thus at late times the value of R, decreases
significantly while x? fluctuates around an average value of k? =~ 0.40 + 0.19 (Fig. 1b, the
average is taken at time interval t € [35000:50000] using 150 frames). Large fluctuations of
the shape anisotropy were previously reported while characterizing conformations of

polymers of various architectures’® 8082,
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Figure 2. Time evolution of (a) the radius of gyration, R, (b) shape anisotropy, K2, (c) reduced
weight average degree of polymerization, DFP,, . The points marked by arrows correspond to
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For the nanogel at the interface, the initial values of both R, and k? are higher than
the values for the nanogel in water due to the initial spreading of the nanogel at the interface
prior to degradation as discussed above. As degradation begins, the R, increases faster
compared to the nanogel in water and then decreases sharply at late times (¢ >~ 18,000 for
the simulation in Fig. 2). In contrast to the degradation in water, k? for the degradation at
interface increases continuously from the beginning of degradation. This indicates that the
nanogel loses its initial shape at the interface immediately after the onset of degradation since
the degradation promotes the spreading over the interface.

Next we relate the observed trends in R, and k? to the reverse gelation transition in
both cases of degradation in a single solvent and degradation at an interface. Analogous to the
approach used to identify gel point in the simulations of gelation process®2¢, the location of
the reverse gel point can be identified® using the reduced weight average degree of

polymerization, DP,;, defined as
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=" n;i(t) i?
' ni(t)i !

DPI(t) = (6)

where n;(t) is the number of topological clusters with size i at time t and the 'indicates
summation over all but the largest cluster. The DP,, curves for the degradation of a nanogel in
water (in black) and at the interface (in red) are shown in Fig. 2c. The critical time instant
corresponding to the peak value of DF,, indicates the reverse gel point*, which is analogous to
the definition of gel point in gelation simulations®#,. The time instant corresponding to peaks
in DP,, in Fig. 2c, t., allows one to identify a reverse gel point as a critical value of the fraction
of degradable bonds intact at this time instant*, p, = exp (—kt.). The exact location of the
reverse gel point somewhat differs for the individual simulations due to the stochastic nature
of the degradation process (Fig. S2). Indeed, the reverse gel points are approximately within
the error bars for the two scenarios when averaged over five independent simulation runs.
Specifically, p. = 0.44 + 0.01 for the degradation in water and p. = 0.47 + 0.05 for the
degradation at interface. This is expected since the current model assumes, for simplicity, no
effect of the surrounding moieties on the probability of bond breaking. Once the reverse gel
point for a given system is identified, the proximity to this point at a given time instance can
be defined via the relative extent of degradation®’, € , which is analogous to the definitions of

relative extent of gelation during the gelation process®, as:

_ DPc—p
€= (7)

Note that the fraction of bonds broken, 1 — p, defines an extent of the degradation reaction

and hence the definition of € above provides a relative measure of proximity to the reverse gel
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point. With the above definition, € = —1 corresponds to the onset of degradation, e = 0 to
the reverse gel point, and positive values of € correspond to the degradation after the reverse
gelation transition. In what follows, we plot all data characterizing degradation processes as a
function of € to identify main trends in evolution with the proximity to the reverse gel point.

The dependence of shape anisotropy k?, the ratio of the largest to smallest eigenvalues
A1/43, and R, for nanogels degrading in water (black curves) and for nanogels degrading at the
interface (red curves) with an increase in the extent of degradation up to the reverse gel point
is provided in Fig. 3. The values in this and following plots are averaged over five independent
simulations with error bars denoting standard deviation. Relatively far from the reverse gel
point (e = [-1: —0.38]), k? ~ 0 and A,/1; = 1 for the degradation in water with relatively
small error bars (Fig. 3a,b), confirming that the broken bonds at this extent of degradation
result in an effective decrease of the crosslink density and nearly isotropic swelling of the
nanogel particle. Correspondingly, R, increases monotonically with relatively small error bars
at these low € (Fig. 3c). With further increase in the extent of degradation of nanogel in water
(€ = —0.38), both k? and A, /1; somewhat increase with notably larger error bars indicating
that nanogel is no longer isotropic. However, the average value of k* and the standard
deviation around mean remain low with respect to that expected for example for a random

coil configuration.
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On the contrary, both k% and A,/A; increase nearly monotonically from the onset of
degradation with the increase in € for the gels degrading at the interface (red curves in Fig.

3a,b). Note that the initial values of k2 and 4, /A5 on these plots are defined by the equilibrium
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shape of the gel particle adsorbed at the interface. As discussed above, this shape is anisotropic
and depends on the affinities between all the moieties in the system and on the crosslink
density of the nanoparticle prior to degradation. A distinct (over two orders of magnitude)
increase in the ratio 4, /A; with an increase in € indicates that the nanogel essentially spreads
over the interface during the degradation. Correspondingly, more distinct increase in the
radius of gyration normalized by that prior to degradation is observed with an increase in € for
the nanogels in water (Fig. 3c).

The characterization of topological clusters described above provides information about
the remnant nanogel particle and allows one to identify the reverse gel point. In addition, it is
also instructive to analyze the spatial distribution of fragments detaching from the degrading
nanogels. Hence, in addition to the characterization of topological clusters discussed above, we
also define a distance-based cluster or an agglomerate as the set of polymer precursors each
having at least one contact with another precursor® (two beads belonging to these precursors
are within the interaction distance 7). Correspondingly, during the degradation process we
calculate the number of precursors in the largest agglomerate in the system, Nj, (€), along with
the size of the largest topological cluster as defined above, N(¢€). At the onset of degradation,
Np(—1) = N(—1) = N,, . During the degradation, Np, (¢) can significantly exceed N(¢€) since it
accounts for the fragments stuck within or remaining in the close proximity to the surface of
the largest topological cluster. The fraction of precursors broken-off from the nanogel can be

characterized via the topological mass loss, fr(€) =1 — N(€)/N,, while the fraction of
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precursors that not only broke-off but also diffused away (to distance exceeding ;) from the
largest agglomerate (which encompasses the remnant nanogel) can be characterized via
distance-based mass loss as fp(€) =1 — Np(€)/N,,.

The fraction of broken-off fragments represented by fr(€) is indistinguishable for
degradation in water and at an interface (black and red curves in Fig. 3d). This is anticipated,
since topological mass loss is defined by the rate constant of bonds breaking and does not
depend on diffusion of broken-off fragments. For degradation in water, fj in this reference
scenario (green curve) is indistinguishable from f7, clearly indicating that no fragments are
stuck within the largest agglomerate or in close proximity to it. On the contrary, f at the
interface remains close to zero (blue curve in Fig. 3d) as the fragments that detach from the
nanogel remain adsorbed at the interface. f, somewhat increases around € ~ —0.2 as some
fragments diffuse away from the nanogel particle, however at later times these fragments are
adsorbed onto the interface. In the proximity of the reverse gel point, the degraded fragments
cover the interface having contacts with largest agglomerate thereby reducing f, to values

close to zero.

Scaling of reverse gel point

Next we identify the reverse gel point as a function of the number of precursors in the
nanogel, N,.The specific nanogel parameters used in multiple series of simulations in water

and at the interface are provided in Tables S1 and S2. For each parameter set the critical value
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of p. is found from the maximum of the reduced weight-average degree of polymerization
using the procedure described above. The values of p, provided in Fig. 4 are averaged over

five independent simulation runs with the error bars representing the standard deviation, Ap,.

s — —-0.70

0.550 —— fit: p=0.39 + 5.38* N

—— p®=0.39
0.525

¢ nanogels
0.500 ¢ films
0.475
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Figure 4. Scaling of the reverse gel point with the number of precursors, Ny. The dependence
of reverse gel point p, on the total number of precursors in the system. Symbols correspond to
the measured p. for nanogels degrading in water (black symbols), nanogels degrading at the
interface (red symbols) and hydrogel films from Ref. ¥ (green symbols). The dashed line
corresponds to p.° = 0.39. The error bars represent standard deviation taken over five
independent simulations in each case. The red line corresponds to a weighted nonlinear least

squares fitting of the simulated data.

The data from nanogels in water and at the interface are shown in Fig. 4 by the black and red

symbols, respectively. The data points shown by the green symbols are reproduced from our
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previous work on hydrogel films*. The p. is lower for the simulations with higher total
number of precursors and this value of reverse gel point is also close to the analytical estimate
from the bond percolation theory on a diamond lattice”-# marked by the dashed line in Fig.
4. There is an evident increase in both p, and Ap, with the decrease in N,,. The increase in Ap,
is attributed to the stochastic nature of the process since higher number of precursors provide
better statistics. The increase in p. upon decrease of the number of precursors is anticipated
from analytical theories of gelation reflecting the finiteness of any “simulated” system (finite
number of precursors) compared to the infinite system sizes assumed in classical percolation
theories®” 8 %. The following relation is expected to hold for percolation on regular lattices
during gelation process®” 8%

pc(Np) =pe + CNp_G, 8)
where p2° is an analytical estimate for the percolation threshold on an infinite lattice, o is a
scaling exponent and c is a proportionality constant. It should be noted here that nanogel
particles indeed consist of a finite number of polymeric precursors and hence, as opposed to
gelation of macroscopic samples, effects of finiteness should be taken into account. For the
gelation process modeled as percolation on Bethe lattice of functionality four, the values p;° =
0.33 and 0 = 0.5 had been derived>”#. However, both these values are not expected to hold
for gelation processes that differ significantly from the ideal Bethe lattice percolation model
and for the corresponding reverse gelation processes. For example, values of p.° significantly

exceeding the predicted 0.33 (so-called delay in the gel point) have been reported in a number
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of studies of gelation processes®> 8 8.919%; this delay is typically attributed to intramolecular
reactions. The gel point values close to percolation threshold on the diamond lattice (0.39)
have been reported for the gelation of tetra-arm PEG precursors near the overlap
concentration® %. Further, the scaling exponent o = 0.5 is not expected to necessarily hold
for the systems with defects such as loops® # or for the systems with intramolecular reactions.
The scaling relation in eq. 8 had been used?® % for prediction of true gel points using Kinetic
Monte Carlo simulations; it had been shown that the predicted gel point is insensitive to the
scaling exponent within the range o = 0.3 — 0.7.

Unlike fairly comprehensive understanding of gelation processes for various systems,
understanding of the kinetics of network degradation remains limited. Reverse gel points
ranging between 0.43 and 0.48 for networks formed by the tetra-PEG precursors at various
stochiometric ratios were reported by Li et. al. *%; the authors concluded that the reverse gel
points observed in their work are close to the predictions of percolation models on the
diamond lattice. In our recent work* we demonstrated that the reverse gel point calculated
during degradation of hydrogel films formed by the tetra-arm precursors is close to but
somewhat higher than predictions of bond percolation theory on a diamond lattice*.

To estimate the scaling of the reverse gel point with the number precursors, N, based
on our simulation data, we used a weighted nonlinear least squares regression method?.

Equation 8 was used as the prediction model with a weighted loss function taken as

Z (Pc(Np)—E 2

e ) , where p.(Np,) is the predicted value and the summation is taken over all the
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available data points. The choice of 1/Ap, values as weights is made herein to bias the fitting
towards data points with lower Ap, since these points are measured with higher certainty?.
By setting® p° = 0.39 and treating ¢ and o as the fitting parameters, we obtained the best fit
asc = 5.38 £ 2.38 and ¢ = 0.7 £ 0.07. The best fit to the simulation data points is provided

in Fig. 4 as p, = p& + 5.38 * N, %70 (red curve).

Effects of polymer-solvent interaction

We now focus on the effect of polymer-solvent interaction on the degradation and
erosion kinetics of nanogel particles in a single solvent. We consider three values of the
polymer-solvent interaction parameter: a,s =79.5,82.0and 85.0 with a,; =795
representing a good solvent and a,,; = 82.0, 85.0 representing decrease in solvent quality. The
snapshots for degradation of nanogels for these three cases are shown in Fig. 1b-d, Fig. 5a-c

and Fig. 5d-f, respectively.
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Figure 5. Effects of solvent quality on nanogel degradation in a single solvent. Snapshots of the
nanogel degrading in a solvent with a,; = 82.0 (a-c) and in a solvent with a,; = 85.0 (d-i) at
t=0 (a, d) , t=10,000 (b, e) and t=22,000 (c, f). (g) Evolution of the distance-based mass loss and
(h) radius of gyration during degradation in a solvent with a,; = 79.5 (black curve), a,s =

82.0 (red curve) and a,; = 85.0 (green curve).
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A decrease in solvent quality results in a lower degree of swelling both prior to and during the
degradation of the nanogel. This is evident in the initial and early time snapshots of the
degrading nanogel particles. As expected, the topological mass loss, fr(€), in all three cases
remains the same (Fig S4a). The fractional mass loss from the largest agglomerate, however,
fp(€e), follows distinctly different trends depending on solvent quality. Recall that fj

effectively accounts for the fragments that not only break-off but also diffuse away from the
nanogel. For the solvent of intermediate quality ( a,s = 82.0, top row in Fig. 5), significantly
smaller number of fragments are seen leaving the main agglomerate than that in the reference
scenario at the same time instants (Fig. 1, top row). These differences are even more
pronounced for the relatively poor solvent (a,; = 85.0), where only small fraction of
fragments is seen leaving the nanoparticle (second row in Fig. 5). As discussed above, no
notable agglomeration of the broken-off fragments within the nanogel is observed for the good
solvent case (black curve in Fig. 5g). Clearly some agglomeration of the broken-off segments
within the largest agglomerate is observed for the intermediate solvent quality (a,s; = 82.0),
resulting in significantly lower values of fj(€) , in particular in the proximity of the reverse
gel point (red curve in Fig. 5g). For the relatively poor solvent (a,, = 85.0, green curve in Fig.
5g), the distance-based mass loss remains close to zero throughout the degradation indicating
that almost the entire mass remains agglomerated with the largest agglomerate. This is also

apparent from the snapshots in Fig. 5e-f, which show that majority of broken-off fragments
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remain aggregated in the close proximity to the nanogel particle (for example, in Fig. 5f only
the highlighted part in the center of the agglomerate is the nanogel particle).

Understanding fractional mass loss from the largest agglomerate in solvents of various
qualities allows one to understand dependence of the radius of gyration of the nanogel
degrading in these solvents as a function of the extent of degradation reaction. At the onset of
degradation (¢ = —1), the radius of gyration depends on the equilibrium degree of swelling in
the solvent of a chosen quality and as anticipated decreases with the decrease in solvent quality
(Fig. S3b). To characterize a relative change in the radius of gyration depending on solvent
quality, we plot the dependence of R, scaled by the initial value of R, for each case as a
function of the proximity to the reverse gel point (Fig. 5h). As degradation occurs the nanogel
in good solvent shows the highest relative increase in R, (black curve in Fig. 5h). As discussed
above, an effective decrease in the crosslink density enables higher absorption of water within
the polymer network and thus an increased swelling of the nanogel is observed in a good
solvent. For the gel degrading in solvent of relatively poor quality (a,s = 85.0, green curve in
Fig. 5h), the R; remains nearly constant until relative extent of degradation reaches about € ~
—0.4; this is consistent with the above observation that up to this point there is essentially no
mass loss from the largest agglomerate (green curve in Fig. 5g). Further increase in € upon
approaching reverse gel point results in the decrease in R, , which is consistent with mass loss
due to the fragments diffusing away from the nanogel as seen in Fig. 5g. Intermediate solvent

quality (a,s = 82, red curve in Fig. 5h) still leads to the swelling of the gel particle due to the
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decrease in crosslink density, however the relative increase in R, is less pronounced than that

in the good solvent case.

Figure 6. Snapshots of the nanogel degrading at an interface with the oil-water interaction
parameter (a-c) aoy = 100 , (d-f) a5y = 120 and (g-i) agw = 150 at (a, d, g) t=0, (b, e, h)

£=10,000 and (c, £, i) t=22,000.
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Similar to the effect of solvent quality in case of degradation in a single solvent, the interaction
between the two liquids affects the kinetics of erosion and spreading of nanogel at the liquid-
liquid interface. As introduced in the model section, we consider three sets of liquid-liquid
interaction parameters, a,,, = 100, 120 and 150. Increasing a,,, results in a stronger repulsion
and correspondingly higher interfacial tension between the two liquids. The snapshots for
degradation of a nanogel particle at the interface with a,,, = 100, 120 and 150 are shown in

Fig. 6a-c, Fig. 6d-f and Fig. 6g-i, respectively.

For the cases with higher repulsion (ay,, = 120 and 150), all the fragments formed during
degradation remain at the interface for the entire duration of the process (see Fig. 6d-i). A
small fraction of fragments, such as fragments formed somewhat away from the interface (as
the ones circled in Fig. 6e), diffuse within the liquid phase before adsorbing onto the interface.
Once adsorbed at the interface, these fragments do not detach from the interface and remain
adsorbed. For the case with a,,, = 100 (the case with lowest interfacial tension considered), a
notable fraction of fragments remains in the liquid phase without adsorption onto the interface
(see Fig. 6a-c). This difference in adsorption is seen quantitatively in the evolution of the

number of contacts between the beads of the two liquid phases in Fig. 7a.
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Figure 7. Effects of liquid-liquid interaction parameter. Evolution of (a) the number of contacts
between two liquid phases, (b) radius of gyration, (c) extent of spreading, and (d) shape
anisotropy for a nanogel particle degrading at the interface with a,,, = 100 (black curves),
aow = 120 (red curves) and a,,, = 150 (green curves). All quantities are averaged over five
simulations with error bars representing standard deviation. The data in (a) is normalized by

the initial number of contacts for each case.

The cases of three different interfaces with a,,, = 100,120 and 150 are represented in Fig. 7
by black, red, and green curves, respectively. As the nanogel degrades at the interface, the
number of contacts between the two liquids decreases due to spreading of the remnant nanogel

and broken-off fragments over the interface. For the case of a,, = 100, this decrease is
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relatively moderate with respect to the other two cases. The difference in the observed
behavior can be attributed to the relatively smaller energy gain due to shielding of the
unfavorable oil-water interactions upon fragment adsorption onto the interface. Our results
show that this decrease in total interfacial energy due to spreading of small fragments at the
interface with a,, = 100is not sufficient to compensate for introducing relatively
unfavorable contacts of polymer with oil with respect to that with water (recall that a,, >
a,w) along with the decrease in entropy due to interfacial confinement of these fragments. For
the interfaces with a,, = 120 and a,, = 150, the decrease in interfacial energy upon
fragment adsorption onto the interface is correspondingly higher, hence it is energetically
favorable for the fragments to remain adsorbed decreasing the number of liquid-liquid
contacts.

Evolution of the radius of gyration, extent of interfacial spreading, and shape
anisotropy, k?, of the nanogels with the proximity to the reverse gel point are provided in Fig.
7b-d. The extent of spreading, e, is defined as'®:

e(e) = Y29 )

<JArw>
where A, (€) is the largest eigenvalue of the gyration tensor during degradation, and (\/m ) =
5.58 is the average of the square root of the largest eigenvalue during equilibration in the water
phase (Fig. S4a). All three characteristics provide information only about the remnant nanogel
(the largest topological cluster in the system) and not about spreading of the smaller fragments.

The initial values of R, prior to degradation increase with an increase in a,,,. This trend is in
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agreement with prior studies, which demonstrated enhanced stretching of nanogels at
interfaces with higher interfacial tension'’. Correspondingly, the initial extent of spreading for
the nanogel at the interface with a,,, = 100 is the lowest (¢ = 1.1 prior to degradation) and
increases with an increase in a,,,. In all cases considered, extent of spreading increases while
approaching the reverse gel point, reaching nearly three-fold extension (e = 2.75) for the two
interfaces with higher interfacial tension. Note that the relative extent of spreading with
respect to that at the onset of degradation is most pronounced for the gels at the interface with
Aoy = 100 (black curve in Fig. S4b). This difference in the relative extent of spreading can be
understood by following variation in the shape anisotropy of the nanogels during their
spreading over various interfaces. The gel adsorbed at the interface with relatively low
interfacial tension (a,,, = 100) attains close to a hemispherical shape with k? ~ 0.10 for the
gel with chosen crosslink density. The same nanogel spreads and flattens more with an increase
in a,,, attaining more anisotropic shapes with values of k? = 0.20 and k% ~ 0.22 for the
remaining two cases, respectively (thereby approaching 0.25 corresponding to a flat shape). As
degradation occurs the k? for nanogel at all interfaces increases with the increase being highest
for the a,,, = 100 interface. Near the reverse gel point, nanogels at all three interfaces probed
attain similar values of k? ~ 0.36 with relatively large error bars. This value however remains
lower than the values for the largest cluster at late times after the reverse gelation transition
as reported above.

To summarize, these studies demonstrate that controlled degradation effectively

promotes spreading of the remnant nanoparticle for all interfacial properties probed in this

36



work. Specifically, the extent of spreading increases with an increase in the extent of
degradation. The nanogel attains relatively flat shapes during the entire degradation process
for two cases of interfaces with relatively high interfacial tension. For the same two cases, the
fragments broken-off from the nanogel are adsorbed onto the interface thereby notably
decreasing a number of unfavorable oil-water contacts. For the lowest interfacial tension
considered, large fraction of the broken-off fragments remains dispersed in the water phase.
Hence, this study shows that controlled degradation can be used to promote spreading of the
nanogels at the soft interfaces and concurrently control location of the broken-of fragments to

either be dispersed in the good solvent or to be controllably deposited at the interface.

Conclusions

Via DPD simulations, we characterized the degradation of nanogels suspended in a solvent and
those adsorbed at the liquid-liquid interface. In both scenarios, nanogels undergo a reverse
gelation transition with the reverse gel point depending on the number of polymeric
precursors constituting the original nanogel. We identified the reverse gel points in various
scenarios via peak values of the reduced weight average degree of polymerization. Our results
demonstrate that the reverse gel point follows a scaling relation p;° + cN, ° with respect to
the number of polymer precursors , N,,, with the exponent ¢ = 0.7 and p;° = 0.39, which in
turn is the value predicted by the bond percolation theory on a diamond lattice*’. Further, in

both scenarios we characterized the structural characteristics of the remnant nanogels along
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with the spatiotemporal distribution of polymeric fragments released during degradation as a
function of proximity to the reverse gel point. Our results demonstrate district differences in
structural characteristics of degrading nanogels depending on its environments. Nanogel
degradation in a good solvent results in approximately uniform swelling of the remnant
particle due to the decrease in crosslink density for the moderate relative extent of degradation
reaction, € = [—1: —0.38]; within this range of €, the particle keeps approximately spherical
shape (k? ~ 0), while R; gradually increases. On the contrary, the shape anisotropy k?
increases nearly monotonically from the onset of degradation with an increase in € for the gels
degrading at the interface, indicating that initial shape of the nanogel adsorbed at the interface
is nearly immediately lost upon degradation since bond breaking promotes interfacial
spreading. We demonstrate that the overall degradation process including mass loss from the
nanogel is significantly affected by the nature of the polymer-solvent interactions. Further,
for the nanogels initially adsorbed at the liquid-liquid interface, shape changes and spreading
of the remnant nanogel along with dispersion of detaching fragments is affected significantly
by the interfacial tension between the two incompatible liquids. For lower interfacial tension,
some of the detaching fragments disperse to the liquid phase with higher affinity to polymer
beads. Our results clearly demonstrate that controlled degradation of the nanogels adsorbed
at liquid-liquid interfaces results in an enhanced extent of spreading and provides a means to

control interfacial properties at the nanoscale. Further, our results provide insights on using
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controlled degradation to dynamically tune shapes of nanocarriers and nanoscale topography

at a liquid-liquid interface.
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