
Diffusion and release of molecules in swelling polymer networks

Tsz Hung Wong 1, Jie Ma 1, Alexander Sherburne , Shaoting Lin *

Department of Mechanical Engineering, Michigan State University, East Lansing, MI, USA

A R T I C L E  I N F O

Keywords:
Molecule diffusion
Swelling hydrogel
Mechano-diffusion
Molecule release

A B S T R A C T

Molecular diffusion within swelling polymer networks critically controls fundamental processes across biological 
systems and engineering applications. Existing studies typically model molecule diffusivity as either a constant or 
as a polymer-concentration-dependent variable following non-Fickian transport, which remain largely 
phenomenological. Here, we use experiments and theory to investigate molecule diffusion and release in 
crosslinked polymer networks under swelling. Our fluorescent recovery after photobleaching experiments reveal 
an intriguing size-dependent diffusion-swelling relationship: molecule diffusivity exhibits a concave dependence 
on swelling ratio for small molecules, and a convex-to-concave transition for large molecules as the polymer 
network swells. Our molecule release experiments further demonstrate a consistent size-dependent relea
se–swelling relationship. We analyze this transition using a mechano-diffusion theory that establishes the rela
tionship between molecule diffusivity and swelling-induced deformation of the polymer network. Monte Carlo 
simulations incorporating this diffusion-swelling transition further predict the release of molecules from swelling 
polymer networks, agreeing well with experimental observations. This work not only establishes a theoretical 
framework for molecule diffusion and release in swelling polymer networks, but also offers insights into bio
logical processes involving molecule diffusion and release.

1. Introduction

The diffusion and release of molecules from swelling polymer net
works, such as hydrogels, is a fundamental transport phenomenon with 
broad relevance to therapeutic delivery [1–5], sustainable agriculture 
[6,7], and emerging soft material technologies [8–12]. Unlike diffusion 
in liquid media, molecular transport within swellable polymer networks 
deviates from the Stokes–Einstein relationship, as it is strongly governed 
by interactions between diffusing molecules and polymer matrix [13, 
14], with network architecture such as crosslink density and mesh size 
playing central roles [15]. Upon exposure to solvent-rich environments, 
swellable polymer matrices absorb solvent and undergo network 
expansion [16], leading to geometric reconstruction that modifies the 
constraints experienced by diffusing molecules and can redirect their 
diffusion pathways [17]. Despite its importance, a clear understanding 
of how swelling-driven network reconstruction governs molecular 
mobility remains elusive; yet this process represents a simple and 
effective mechanism for modulating molecular transport through poly
mer networks used as carriers.

Traditional treatments of molecule diffusion and release in swelling 

polymer networks are largely phenomenological. Early empirical de
scriptions trace back to the Higuchi model [18,19], which is widely used 
in drug release kinetics, simply assuming a constant molecule diffusivity 
while neglecting the swelling of polymer networks. Subsequently, Pep
pas and co-workers introduced models to describe the transition be
tween Fickian and non-Fickian diffusion in swelling polymer networks, 
depending on whether molecule diffusion is governed primarily by 
concentration gradient or by polymer relaxation [20,21]. In particular, 
the Korsmeyer–Peppas model employs a single power-law expression, 
with the exponent distinguishing Fickian from non-Fickian kinetics 
[22], whereas the Peppas–Sahlin model incorporates two terms to 
decouple the contributions of Fickian diffusion and anomalous transport 
arising from polymer relaxation and network swelling [23]. Although 
distinguishing between Fickian and non-Fickian diffusion captures the 
role of swelling at the phenomenological level, it does not elucidate how 
swelling-induced network expansion and chain straightening mecha
nistically regulates molecule diffusion and release.

In this work, we combine experiments and theory to systematically 
investigate the diffusion and release of molecules in swelling polymer 
networks, involving network-architecture reconfiguration and chain- 
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energy modulation. We identify three characteristic regimes as a poly
mer network evolves from an initially as-prepared state, to a partially 
swollen state, ultimately to a fully swollen state. These regimes deter
mine the transition in molecule diffusion from complete trapping, to 
hopping diffusion, to finally obstructed diffusion. We first conduct 
fluorescence recovery after photobleaching (FRAP) measurements to 
quantify the diffusivity of molecules with different sizes in hydrogel at 
controlled swelling ratios. Our FRAP measurements reveal an intriguing 
size-dependent diffusion-swelling relationship: the diffusivity of small 
molecules exhibits a concave dependence on swelling ratio, whereas 
that of large molecules shows a convex dependence at the early swelling 
stage and then displays a convex-to-concave transition as swelling pro
gresses. To rationalize these observations, we use a mechano-diffusion 
theory that links molecule diffusivity to swelling-induced deformation 
of the polymer network. Beyond diffusivity, we conduct molecule 
release experiments in swelling hydrogels, and the released molecule 
concentration aligns with the same trend. In parallel, we conduct Monte 
Carlo simulations that incorporate the diffusion-swelling transition to 
capture molecule release from swelling polymer networks, achieving 
quantitative agreement with experimental measurements. The com
bined experimental and theoretical insights provide a predictive basis 
for designing swelling-responsive polymer systems with tunable release 
behaviors across biomedical, environmental, and materials applications.

2. Working principle of molecule diffusion and release in 
swelling polymer networks

The swelling-induced transition in molecular diffusion behavior can 
be understood as a continuous crossover between energy-governed and 
geometry-governed transport regimes, determined by the evolving 
relationship between molecular size and polymer network mesh size. As 
illustrated in Fig. 1a, in an as-prepared hydrogel, the hydrodynamic 
diameter of the diffusing molecules (d) is comparable to or slightly ex
ceeds the polymer mesh size (ξ, defined as the average spacing between 
adjacent crosslinks). In this state, molecules are transiently confined 
within polymer cages formed by surrounding chains [24–26]. Molecular 
transport occurs via hopping diffusion, as proposed by Cai et al. [27], in 
which migration between adjacent cages requires overcoming local 
energy barriers imposed by entangled polymer segments, thereby 

enabling hopping between neighboring cages [28] (Fig. 1a, left). Upon 
swelling, water uptake dilates the polymer network and increases the 
mesh size, relaxing chain confinement. Consequently, molecular trans
port transitions from an energy-barrier-limited hopping regime to a 
steric-obstruction-controlled diffusion regime. When the mesh size ex
ceeds the molecular dimension (ξ > d), the classical obstruction model 
applies (Fig. 1a, right). From a single-cage perspective (Fig. 1b), swelling 
reduces the degree of polymer chain deformation required for molecule 
penetration, thereby continuously lowering the associated elastic energy 
barrier until cage deformation becomes unnecessary. This continuous 
crossover from energy-barrier-limited hopping diffusion to 
geometry-controlled obstructed diffusion constitutes the central concept 
of the proposed transition model, which unifies these two diffusion 
mechanisms within a single framework.

3. Experimental results

3.1. Molecule diffusion experiments

To characterize molecular diffusion in swelling hydrogels, 
FITC–dextran was selected as a model probe owing to its well-defined 
molecular size, strong fluorescence, and compatibility with fluores
cence recovery after photobleaching (FRAP). FITC–dextran is first ho
mogeneously mixed into the polyacrylamide (PAAm) hydrogel 
precursor solution prior to gelation. After polymerization, the hydrogels 
were immersed in DI water containing the same concentration of 
FITC–dextran to allow swelling while maintaining the equilibrium 
concentration (Fig. 2a). The dimensional evolution of PAAm hydrogels 
is monitored during swelling. The hydrogel continuously swells within 
the first 200 min and reaches equilibrium at approximately 1100 min, 
with a swelling ratio in length of approximately 2 (Fig. 2b). Corre
spondingly, the inferred polymer mesh size increases from approxi
mately 13 nm to 26 nm during swelling (Fig. 2c, Eq. 7). Hydrogels at 
different swelling stages are then subjected to FRAP measurements. In a 
typical FRAP experiment, a high-intensity laser pulse is used to photo
bleach a small circular region within the hydrogel, effectively extin
guishing the fluorescence of FITC–dextran in the selected area. 
Fluorescent molecules from the surrounding unbleached regions sub
sequently diffuse into the bleached zone (Fig. 2d). By continuously 
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Fig. 1. Transition of molecular diffusion from hopping diffusion to obstructed diffusion during hydrogel swelling. (a) Schematic illustration of a large molecule 
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monitoring the fluorescence recovery over time, the effective diffusivity 
of FITC–dextran within the hydrogel is quantitatively extracted from the 
recovery profiles. As shown in Fig. 2e, representative FRAP images at 
different time points illustrate the fluorescence recovery process in both 
pristine and swollen hydrogels. In both cases, a circular region is pho
tobleached at t = 1 s. By t = 31 s, the fluorescence intensity within the 
bleached region of the swollen hydrogel recovers more rapidly than that 
of the as-prepared hydrogel. The corresponding normalized fluorescence 
recovery curves in Fig. 2f further confirm this trend. With increasing 
swelling, the fluorescence recovery rate increases, indicating enhanced 
FITC mobility and higher molecular diffusivity. The diffusivity is 
quantitatively extracted from the recovery profiles using the Soumpasis 
equation [29,30]. These results demonstrate that FRAP provides an 
effective platform for quantifying molecular diffusivity in swelling 
hydrogels.

3.2. Molecule diffusion results

We select three FITC–dextran samples with different molecule 
sizes—40 kDa, 150 kDa, and 250 kDa—corresponding to hydrodynamic 
diameter–to–mesh size ratios (d/ξ) of 0.6, 1.2, and 1.6, respectively 
(Appendix B). We compile the normalized diffusivity of each 
FITC–dextran across hydrogels at different swelling ratios, where the 
diffusivity is normalized by its value in the as-prepared hydrogel. As 

shown in Fig. A1, the normalized diffusivity of 40 kDa FITC–dextran (d/ 
ξ = 0.6) increases monotonically with hydrogel swelling and is expected 
to gradually approach a steady-state value. This overall trend exhibits an 
approximately concave dependence on swelling ratio, indicating a 
progressively diminishing enhancement in diffusivity. Notably, for 
larger FITC–dextran molecules with d/ξ > 1 (150 kDa and 250 kDa; 
Fig. 3a,b), the normalized diffusivity increases slowly only in the as- 
prepared hydrogel and during the early stages of swelling. As the 
swelling proceeds and the swelling ratio approaches a critical threshold, 
the normalized diffusivity exhibits a pronounced acceleration, forming a 
convex segment in the curve. With further swelling, the rate of increase 
slows down and eventually reaches a plateau, giving rise to a concave 
regime at high swelling ratios. Overall, for molecules whose size exceeds 
the polymer mesh size (d/ξ > 1), the normalized diffusivity displays a 
characteristic convex-to-concave transition with increasing swelling: an 
initial slow increase, followed by a rapid rise, and finally a gradual 
saturation. This transition is more pronounced for the 250 kDa 
FITC–dextran.

3.3. Molecule release experiments

In addition to the FRAP experiments, a complementary release assay 
is performed to investigate the release behavior of molecules in swelling 
hydrogels. FITC–dextran–loaded hydrogels are immersed in an aqueous 
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Fig. 2. Characterization of hydrogel swelling and molecule diffusion. (a) Optical images of the hydrogel at various ratios of swelling. (b) Hydrogel swelling ratio as a 
function of swelling time. (c) Corresponding calculated mesh size versus swelling time. (d) Schematic illustration of the fluorescence recovery after photobleaching 
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represent mean ± SD (n = 3).
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environment to allow free swelling, and the concentration of 
FITC–dextran released into the surrounding solution is monitored over 
time. The temporal evolution of the released FITC–dextran concentra
tion is used to characterize the diffusion-governed release behavior in 
the swelling hydrogel (Fig. 4a). The same FITC–dextran species as those 

used in the FRAP experiments are employed to ensure consistency. Prior 
to the release study, calibration correlating fluorescence intensity with 
FITC–dextran concentration is established (Fig. A2). All three 
FITC–dextran samples exhibit stable linear fluorescence–concentration 
relationships, enabling reliable quantitative analysis of FITC–dextran 
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concentration in the external solution.

3.4. Molecule release results

From the concentration–time profiles of FITC–dextran permeation, 
the smallest dextran (40 kDa, d/ξ = 0.6) exhibits a classic monotonic 
increase in the concentration in deionized (DI) water followed by a 
gradual slowdown toward a plateau (Fig. 4f). The concentration reaches 
a plateau at approximately 0.4 µM within the observation window. In 
contrast, the larger dextrans (150 kDa, d/ξ = 1.2; 250 kDa, d/ξ = 1.6) 
display a distinct early-stage behavior (Fig. 4d,e). Consistent with the 
FRAP observations for larger molecules, the concentration in DI water 
increases only slowly at the onset of swelling, followed by a rapid rise 
that yields a convex segment in the early-time profile (approximately 
within the first ~0.7 h for 150 kDa and ~1 h for 250 kDa). With 
continued swelling, the rate of increase progressively diminishes and the 
profiles transition into a concave shape, ultimately approaching a 
plateau similar in overall trend to that of the 40 kDa dextran. Taken 
together, these results indicate that for larger molecules (d/ξ > 1), the 
release profile during swelling undergoes a transient convex-to-concave 
transition. Notably, this transition is confined to the early swelling 
period and is short-lived. This feature is therefore easily overlooked 
when considering only long-duration release curves, which extend 
beyond 12 h (Fig. A3).

4. Theoretical analysis of size-dependent molecule diffusion in 
swelling polymer networks

4.1. Theoretical formulation

To analyze the observed transition, we perform a theoretical analysis 
to rationalize the diffusion and release behavior of molecules in swelling 
hydrogels. Distinct theoretical frameworks are adopted for small mole
cules (d/ξ < 1) and large molecules (d/ξ > 1), based on spatial geometric 
considerations and energy-based arguments, respectively. All molecules 
are assumed to be spherical and incompressible.

We start by quantifying the swelling behavior of a hydrogel matrix. 
The isotropic swelling of hydrogel is assumed to be a uniform three- 
dimensional expansion. In the undeformed (as-prepared) state, the 
principal stretch ratios are λx = λy = λz = 1. When the hydrogel un
dergoes free swelling, its swelling ratio λs can be defined as 

λs =
Ls

L0
= (

Vs

V0
)

1
3 (1) 

where Ls and L₀ denote the linear dimensions of the hydrogel in the 
swollen and as-prepared states, respectively, and Vs/V0 represents the 
volumetric swelling ratio. On the other hand, the mesh size scale with 
the volumetric swelling ratio as, 

ξs = ξ(
Vs

V0
)

1
3 (2) 

where ξs and ξ denote the average mesh sizes of the polymer network in 
the swollen and as-prepared states, respectively. By combining these two 
equations, we obtain, 

Ls

L0
=

ξs

ξ
(3) 

Accordingly, the hydrogel’s dimensional changes are used to esti
mate the corresponding variations in its internal mesh size, which is 
characterized as ξs = λsξ.

Case I: Small molecules
We adopt the classical obstructed diffusion model for small mole

cules. In the obstructed diffusion model, the diffusivity (D0) of spherical 
molecules, normalized by the diffusivity of immersed solution within the 
unperturbed hydrogel is expressed as [31], 

D0

Dsol
= exp

[

−
π
4

(
d
ξ

)2
]

(4) 

where d is the diameter of the diffusing molecule. Upon swelling, the 
mesh size of the hydrogel increases, leading to an enhancement in 
diffusivity. The corresponding diffusivity (Ds) in the swollen hydrogel is 
given by 

Ds

Dsol
= exp

[

−
π
4

(
d

λsξ

)2
]

(5) 

Diffusivity of spherical molecules in the swollen hydrogel can be 
normalized by that in the reference state to quantify the impact of 
swelling on diffusion. By introducing the swelling ratio as a geometric 
scaling factor, the normalized diffusivity has the expression as 

Ds

D0
= exp

[
π
4

(

1 −
1

λs
2

)

(
d
ξ
)

2

]

(6) 

Case II: Large molecules
To account for the interaction between large molecules and the 

surrounding polymer network, the classical eight-chain model is 
employed. This model represents an isotropic polymer network as eight 
equivalent polymer chains aligned along the body diagonals of a cubic 
unit cell. Under mechanical deformation, the eight-chain model de
scribes how macroscopic strain is distributed among individual polymer 
chains [32]. Within this framework, the undeformed chain length ξ is 
defined as 

ξ =
̅̅̅̅
N

√
b (7) 

Here, b denotes the Kuhn length, and N represents the number of Kuhn- 
length segments between two adjacent crosslinkers. For the PAAm 
hydrogel used in all experiments, b = 0.3 nm [33], yielding an estimated 
chain length ξ of approximately 13 nm.

When the hydrogel undergoes swelling, all polymer chains dilate 
isotropically, such that the stretch ratio of an individual polymer chain 
Λ = ξs/ξ , which is correlated with the swelling ratio of the polymer λs , 
which can be expressed as 

λx = λy = λz = λs (8) 

The stretch ratio of the polymer chain can be rewritten as 

Λ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
3
(λ2

x + λ2
y + λ2

z )

√

= λs (9) 

Thus, the stretch ratio of an individual polymer chain is directly related 
to the stretch ratio of the swelling polymer network.

To correlate the free energy of an individual polymer chain with its 
stretch ratio, the ideal chain model is employed. This model accounts for 
the finite extensibility of a polymer chain with a maximum contour 
length Nb. According to Langevin statistics, the relationship between the 
force f and an individual polymer chain and its chain length ξ is given by 

f =
kbT

b
β (10) 

By integrating the above equation, we can obtain the free energy func
tion expressed as [34]

W = NkT
(

β
tanhβ

+ log
β

sinhβ

)

(11) 

where N is the number of chains of the network per unit volume. The 
chain force β relates to the stretch Λ as β = L− 1( Λ/

̅̅̅̅
N

√ )
with L− 1 being 

the inverse Langevin function defined by L(x) = coth(x) − 1/x.
The energy barrier for a large molecule doing one-step hopping 
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diffusion in the reference state is the energy difference before and when 
the molecule is diffusing through the cage, given by 

U = W(ΛH) − W(ΛL) (12) 

We first analyze the energy barrier experienced by molecules in the 
as-prepared hydrogel without swelling. For the polymer cage without 
molecules, the chain stretch ratio is ΛL = 1. In contrast, as the molecule 
is diffusing through the eight-chain cage, the chain length in the polymer 
cage with molecules is 

ξH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2 +
c0

2

4

√

(13) 

where c0 = 2/
̅̅̅
3

√
ξ denotes the edge length of the eight-chain cube 

(Fig. B1a). The corresponding stretch ratio ΛH = ξH/ξ can be expressed 
as 

ΛH =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
d
ξ
)

2
+

1
3

√

(14) 

Combining the above equations, the energy barrier for a large 
molecule to overcome through hopping diffusion in the as-prepared 
hydrogel is 

U = W

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
d
ξ
)

2
+

1
3

√ ⎞

⎠ − W(1) (15) 

For large molecules migrating between neighboring polymer cages, 
molecular transport is governed by the need to overcome the energy 
barrier described above, and the resulting diffusivity can be evaluated 
using the hopping diffusion model [27]. 

D ≅
ξ2

c
τr

(
d
ξ

)− 1

exp

[

−

(
d
ξ

)2
]

(16) 

where ξc is the correlation length of the network, and τr represents the 
relaxation time of the polymer chains. During a complete hopping step, 
the molecule has to overcome an energy barrier U, which can be 
approximated as 

U
kT

≅

(
d
ξ

)2

(17) 

This equation is introduced as a controlled scaling approximation within 
the hopping-dominated regime. In the moderate swelling range relevant 
to this study, it preserves the functional dependence of the hopping 
barrier on the normalized size ratio and therefore does not alter the 
predicted convex–concave transition in diffusivity.

The diffusivity of large molecules in the hopping diffusion model can 
be reformulated by combining Eq. (16) and Eq. (17), yielding 

D ≅
ξ2

c
τr

( ̅̅̅̅̅̅
U
kT

√ )− 1

exp
(

−
U
kT

)

(18) 

We next analyze molecular diffusivity in swelling hydrogels, where 
the polymer mesh size evolves as a function of the swelling ratio. The 
swelling ratio λs is introduced to chain stretch ratios to determine the 
stretch ratio Λs

L, and Λs
H (Fig. B1b) which are expressed as 

Λs
L =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
3
(
3λ2

s
)

√

= λs (19) 

and 

Λs
H =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

d
ξ

)2

+
1
3

λ2
s

√

(20) 

Substituting Eqs. (19) and (20) into Eq. (15) yields the corresponding 

strain energy Us at the swelling stage. To quantify the effect of swelling- 
induced chain elongation on molecular diffusivity, the diffusivity in the 
swollen hydrogel (Ds) is normalized by that in the as-prepared hydrogel 
(D0). The normalized diffusivity is expressed as: 

Ds

D0
=

̅̅̅̅̅̅
U0

Us

√

exp(
U0 − Us

kT
) (21) 

When the normalized molecule diameter d/ξ is larger than 1, this large 
molecule is initially confined within the hydrogel network. When 
λs < d/ξ, the network mesh size remains smaller than the molecular 
diameter, and molecular transport is therefore governed by the hopping 
diffusion model. As swelling proceeds and the mesh size increases, a 
transition occurs at approximately λc = d/ξ, beyond which the molecule 
becomes relatively small compared to the network, and obstructed 
diffusion becomes the dominant transport mechanism. 

Ds

D0
=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

̅̅̅̅̅̅
U0

Us

√

exp
(

U0 − Us

kT

)

, when λs < λc

exp

[
π
4

(

1 −
1

λs
2

)

(
d
ξ
)

2

]

, when λs > λc

(22) 

The eight-chain model employed in this work was originally devel
oped to describe the large-deformation elasticity of rubber-like polymer 
networks, where the mechanical response is primarily governed by 
polymer-chain stretching. Although PAAm hydrogels are formed by 
randomly crosslinked networks containing chain entanglements and 
structural heterogeneity, the eight-chain representation is not intended 
as a literal reconstruction of the network architecture. Instead, it pro
vides a physically motivated framework that captures the scaling rela
tionship between macroscopic swelling deformation and chain elastic 
free energy. Under rubbery and solvent-swollen conditions, large- 
deformation behavior is typically dominated by entropic chain stretch
ing, making network-based descriptions a reasonable approximation. 
Importantly, the predicted diffusion-mechanism transition depends 
primarily on the scaling of elastic energy with swelling ratio rather than 
on the specific choice of constitutive model. Regarding the sensitivity of 
the predicted transition to network heterogeneity, PAAm hydrogels 
inherently exhibit spatial variations in mesh size, and the use of a single 
mean mesh size therefore represents idealization. Nevertheless, mod
erate heterogeneity is expected to primarily smooth quantitative varia
tions rather than fundamentally alter the diffusion-mechanism 
transition. As the transition is governed by the relative size ratio be
tween the particle and the characteristic network scale, its existence is 
determined by the underlying transport physics rather than small spatial 
fluctuations. Thus, the mean mesh size approximation captures the 
dominant features of the regime transition, while more detailed het
erogeneous models may refine quantitative predictions.

4.2. Interpretation of experimental results

By combining the proposed transition diffusion model with the FRAP 
experimental data, the convex-to-concave evolution of normalized 
diffusivity observed for large molecules during the early stage of 
hydrogel swelling can be rationalized. As shown in Fig. 3a and d, the 
transition model (dashed lines) effectively bridges the hopping diffusion 
regime dominating the early swelling stage (blue shaded region) and the 
obstructed diffusion regime governing the intermediate-to-late swelling 
stage (red shaded region). Notably, the transition points of the model 
occur at swelling ratios close to the corresponding size ratios d/ξ, 
namely ~1.2 for 150 kDa FITC–dextran and ~1.6 for 250 kDa 
FITC–dextran. Although the experimental results for 250 kDa 
FITC–dextran show some deviation from the theoretical curve at high 
swelling ratios, likely arising from uncertainties in molecular size esti
mation, the overall trend remains consistent. The resulting theoretical 
curves exhibit agreement with the FRAP measurements, providing 
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strong evidence that particle diffusivity in swelling hydrogels is pre
dominantly governed by the interplay between particle size and polymer 
mesh size.

For comparison, the same datasets are independently fitted using the 
pure hopping diffusion model (Fig. 3b,e) and the pure obstructed 
diffusion model (Fig. 3c,f). In both cases, the fitting quality is markedly 
inferior to that of the transition model. On one hand, the hopping 
diffusion model systematically overestimates diffusivity enhancement at 
later stages of swelling. This discrepancy likely arises from the 
assumption that particles are effectively immobilized in the as-prepared 
or minimally swollen state, followed by an abrupt recovery of bulk-like 
diffusivity once hopping becomes possible. Such an assumption leads to 
order-of-magnitude increases in diffusivity, which are inconsistent with 
the more gradual diffusivity evolution observed experimentally during 
swelling. On the other hand, the obstructed diffusion model tends to 
underestimate diffusivity enhancement at later stages of swelling. 
Because this model primarily attributes diffusivity changes to variations 
in polymer mesh size, it predicts a near-proportional relationship be
tween swelling ratio and diffusivity ratio. However, this framework 
neglects the early-stage confinement of large molecules by polymer 
chains, where diffusivity is instead dominated by the need to overcome 
energetic barriers rather than geometric obstruction. As swelling pro
ceeds, the governing mechanism gradually shifts toward mesh size- 
controlled diffusion, a transition that is inherently absent from the 
pure obstructed diffusion model. Taken together, these results demon
strate that the transition diffusion model provides a more accurate and 
physically grounded description of the size-dependent diffusivity evo
lution of large molecules in swelling hydrogels, enabling improved 
interpretation and prediction of their transport behavior.

These considerations also help define the class of polymer networks 
to which the present analysis applies. Molecular transport in elastically 
crosslinked hydrogels in the rubbery, solvent-swollen state is primarily 
governed by the relationship between molecular size and polymer 
network mesh size, as chain mobility is relatively high and stress 
relaxation is fast compared with the diffusion timescale. Under these 
conditions, diffusion behavior can be interpreted in terms of geometric 
confinement and energetic barriers associated with the network struc
ture. Similar behavior is therefore expected in other neutral, elastically 
crosslinked hydrogels undergoing moderate swelling. By contrast, the 
present framework is less applicable to polymer networks that swell only 
minimally, where changes in mesh size may be insufficient to induce 
transitions between diffusion mechanisms, as well as to glassy or vitri
fied polymers and highly swollen ionic or superabsorbent hydrogels. In 
such systems, transport may be dominated by segmental relaxation, 
strong polymer–solute interactions, or electrostatic effects, and addi
tional physical mechanisms would need to be considered explicitly.

It is worth noting that during swelling, polymer networks develop 
internal stresses arising from the balance between osmotic pressure and 
network elasticity. In many theoretical descriptions of swelling polymer 
networks, molecular diffusivity is treated as an intrinsic material 
parameter independent of deformation [35]. Within this framework, 
swelling primarily influences transport kinetics by changing geometric 
length scales, concentration distributions, and chemical potential gra
dients. Accordingly, the present study focuses on how swelling-induced 
evolution of mesh size alters the relative size ratio between diffusing 
molecules and the network, thereby governing diffusion mechanisms. 
Possible effects associated with stress-dependent chain mobility are not 
explicitly modeled and are implicitly reflected in the experimentally 
measured swelling kinetics used in the analysis.

In addition to geometric confinement and network elasticity, in
teractions between polymer chains and diffusing molecules may also 
influence molecular transport. Weak attractive or repulsive polymer
–solute interactions can modify the effective energy barrier associated 
with molecular migration and thereby affect the quantitative value of 
diffusivity, as discussed in previous studies of hopping transport in 
polymer networks. In the present PAAm–dextran system, however, the 

diffusion behavior is primarily governed by geometric confinement and 
the evolution of the size ratio between the molecule and the polymer 
mesh size (d/ξ). Polymer–solute interactions may smooth the transition 
between diffusion regimes or shift its onset but are not expected to alter 
the existence of the convex-to-concave transition itself, which is 
fundamentally controlled by the geometric and elastic characteristics of 
the network. In systems with strong specific interactions, such as 
charged hydrogels or networks containing binding sites, interaction ef
fects may become dominant and would require explicit incorporation of 
interaction-dependent energy terms into the transport model.

The diffusion–mechanism transition identified in this work also 
provides insight into the design of responsive hydrogel-based drug de
livery systems. A critical condition emerges when the characteristic 
polymer mesh size becomes comparable to the molecular size, at which 
point the dominant transport mechanism and effective molecular 
mobility change rapidly. This transition provides a physically mean
ingful guideline for regulating the onset of accelerated release and for 
controlling burst release behavior by tailoring polymer network mesh 
size through crosslink density, swelling behavior, or network architec
ture. Because mesh size can also be modulated by mechanical defor
mation or other external stimuli, similar principles may be extended to 
mechanically or stimuli-responsive hydrogels, suggesting that control
ling the relative size ratio between diffusing molecules and the evolving 
polymer network structure represents a general strategy for achieving 
selective and tunable molecular transport in soft polymer systems.

5. Monte carlo simulations

To further understand molecular release from swelling hydrogels, 
Monte Carlo simulations are performed to model this process. Monte 
Carlo simulations capture the overall transport behavior by performing 
a large number of random diffusion events under prescribed physical 
rules and analyzing the resulting statistical outcomes. We simulate a 
diffusion-controlled molecular release process with a time-evolving 
confined domain. A finite spatial region is predefined to represent the 
initially confined volume, within which 5000 non-overlapping mole
cules are uniformly distributed at the start of the simulation. All mole
cules undergo Brownian motion with random diffusion directions 
throughout the simulation space. The confined region expands over time 
according to experimentally measured swelling kinetics, while no 
explicit polymer chains or network structures are introduced. Instead, 
the molecular step length is treated as an effective, time-dependent 
parameter that reflects the experimentally determined swelling 
behavior and the evolving relationship between molecular size and the 
characteristic transport length scale, captured through either hopping- 
or obstructed-diffusion models. Molecules that cross the boundary of the 
expanding hydrogel region are considered released into the surrounding 
solution. After release, molecules continue to diffuse in random di
rections, while experiencing different diffusivities depending on their 
location. Within the hydrogel, the diffusivity is time-dependent and 
determined by the instantaneous swelling state, calculated based on 
either the hopping diffusion model or the obstructed diffusion model. In 
the surrounding medium, the diffusivity is assumed to be constant at 
1.68 × 10-10 m2s-1, corresponding to the diffusivity of small FITC- 
dextran in water estimated using the Stokes–Einstein equation [28]. 
Molecules are allowed to move bidirectionally across the hydro
gel–solution interface, so released molecules may re-enter the hydrogel 
depending on their stochastic trajectories. By tracking the temporal 
evolution of molecular populations inside and outside the confined re
gion, statistical analysis of the particle trajectories yields the 
time-dependent release profile and the corresponding evolution of 
effective molecular diffusivity. In the present Monte Carlo simulations, 
the experimentally measured swelling kinetics are prescribed to repre
sent the time evolution of the polymer network mesh size and to 
examine how diffusion–mechanism transitions at different size ratios 
influence molecular release behavior. The purpose of these simulations 
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is to elucidate the overall trends in the release curves arising from dif
fusion–mechanism transitions, rather than to quantitatively predict 
release kinetics.

On one hand, for large molecules (d/ξ > 1) (Fig. 4b), the simulated 
release profiles exhibit a characteristic convex-to-concave transition, 
consistent with the evolution of diffusivity during swelling. Moreover, as 
molecular size increases, the transition point shifts to later times, indi
cating that a larger polymer mesh size is required for the diffusion 
mechanism to transition from hopping diffusion to obstructed diffusion. 
On the other hand, for small molecules (d/ξ < 1) (Fig. 4c), the release 
profiles display a typical concave shape, with the concentration gradu
ally increasing and asymptotically approaching a steady state. Larger 
molecules reach this steady state more slowly.

To further elucidate molecular release from swelling hydrogels, 
Monte Carlo simulations are performed under the same experimental 
parameters to provide a visualized representation of the diffusion pro
cess (Fig. 5a). For large molecules governed by the hopping diffusion 
model, all molecules (green) are initially confined within the hydrogel at 
the onset of swelling (diffusing time, τd = 0 h). As swelling proceeds, the 
hydrogel expands, while large molecules remain largely confined within 
the network at the initial swelling stages, exhibiting slow transport with 
a characteristic diffusion timescale of τd = 3 h. At τd = 6 h, a fraction of 
the molecules begins to escape into the surrounding aqueous phase, 
while a significant number remains inside the gel.

The corresponding theoretical diffusivity is illustrated in Fig. 5b and 
the simulated molecular concentration in the surrounding water 
(Fig. 5c) exhibits a characteristic convex-to-concave evolution, consis
tent with the transition in diffusion behavior during swelling. In 
contrast, when large molecules are replaced by small molecules, the 
dominant diffusion mode shifts to obstructed diffusion. As shown in 
Fig. 5d, all molecules are initially confined within the hydrogel; how
ever, by τd = 3 h, a substantial fraction of the molecules has already 
diffused into the surrounding water. By τd = 6 h, noticeably more mol
ecules are released compared to the hopping diffusion case. Corre
spondingly, both the theoretical diffusivity (Fig. 5e) and the simulated 
concentration in the surrounding water (Fig. 5f) display concave-shaped 
profiles, in agreement with the FRAP measurements and macroscopic 

release experiments. It is worth noting that although bidirectional 
transport across the hydrogel–water interface is permitted in the simu
lation, the orders-of-magnitude difference in diffusivity between the 
hydrogel and water results in rapid dispersion of particles into the sur
rounding solution once they exit the gel. Although minor discrepancies 
in absolute timescales are observed between the Monte Carlo simula
tions and experiments, arising from an effective transport description 
rather than a fully resolved microscopic interaction model, the simula
tions capture the overall evolution of diffusivity and molecular release 
profiles. These results highlight the ability of the Monte Carlo approach 
to reproduce size-dependent release behavior driven by swelling- 
induced transport transitions.

6. Conclusion remarks

In conclusion, this work provides a mechanistic understanding of 
molecular diffusion and release in swelling polymer networks by 
explicitly linking transport behavior to swelling-induced network 
reconfiguration. Through a combination of FRAP measurements, release 
experiments, theoretical modeling, and Monte Carlo simulations, we 
demonstrate that molecular diffusivity evolves in a size-dependent 
manner governed by the interplay between molecule size and polymer 
mesh size. Small molecules exhibit a monotonic concave dependence of 
diffusivity and release on swelling, whereas large molecules undergo a 
distinct convex-to-concave transition associated with a shift from hop
ping diffusion to obstructed diffusion. The proposed mechano-diffusion 
framework captures this transition by accounting for both geometric and 
energetic effects arising from network deformation during swelling. 
Monte Carlo simulations incorporating this diffusion–swelling coupling 
successfully reproduce the experimentally observed release profiles, 
further validating the framework. Together, these results move beyond 
phenomenological descriptions of diffusion in swelling polymer net
works and establish a predictive basis for understanding and controlling 
molecular transport. This insight offers practical guidelines for the 
design of swelling-responsive polymer systems with tunable diffusion 
and release properties across biomedical, environmental, and soft ma
terial applications.
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Fig. 5. Monte Carlo simulations of FITC molecule release from an expanding confined region. (a–c) Hopping diffusion model: (a) Visualization of molecule release 
into the surrounding environment as the confined region expand; (b) Diffusivity versus hydrogel swelling ratio according to hopping diffusion model; (c) corre
sponding temporal changes in FITC concentration. (d–f) Obstructed diffusion model: (d) Visualization of FITC molecule diffusion into the surrounding environment 
during expansion of the confined region; (e) Diffusivity versus hydrogel swelling ratio according to obstructed diffusion model; (f) corresponding temporal evolution 
of FITC concentration.
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Appendix A. Synthesis and Characterizations

Material and method

All materials were purchased from Sigma-Aldrich unless otherwise specified. For hydrogel synthesis, acrylamide (AAm), N,N′-methyl
enebisacrylamide (MBAA), ammonium persulfate (APS), and tetramethylethylenediamine (TEMED) were used. Fluorescein isothiocyanate (FITC)– 
dextran with molecular weights of 40, 150, and 250 kDa was employed.

Synthesis of PAAm hydrogel

Polyacrylamide (PAAm) hydrogels were prepared by dissolving 2 g of AAm, 0.5 mL of MBAA solution (0.23 wt%), 400 μL of APS solution (10 wt 
%), and 10 μL of TEMED in 10 mL of deionized (DI) water. The precursor solution was thoroughly mixed, degassed for 30 s, and subsequently vacuum- 
degassed for 5 min to remove residual air bubbles. The resulting solution was cast into acrylic molds (2 cm × 2 cm × 1.5 mm) and covered with quartz 
glass prior to polymerization. For FRAP experiments, FITC–dextran was incorporated into the precursor solution at a concentration of 20 mg mL⁻¹ . 
The mixtures were cast into acrylic molds (1 cm × 1 cm × 1.5 mm) and covered with quartz glass. For release experiments, FITC–dextran of different 
molecular weights was added to separate precursor solutions at a final concentration of 20 μM, corresponding to 8 mg (40 kDa), 30 mg (150 kDa), and 
50 mg (250 kDa) per 10 mL of precursor. The mixtures were cast into identical acrylic molds. All molds were placed on a 60 ◦C hot plate for 2 h to 
ensure complete gelation. The resulting hydrogels were sealed in airtight containers and stored at 4 ◦C until use.

Characterization of hydrogel swelling

To investigate the evolution of the mesh size of the PAAm hydrogel during swelling, we monitored changes in its macroscopic dimensions over time 
and correlated them with the underlying network structure. A hydrogel sample (2 cm × 2 cm × 1.5 mm), prepared as described above, was immersed 
in 20 mL of deionized (DI) water and allowed to swell freely at room temperature. During the swelling process, the linear dimension of the hydrogel 
was periodically measured. After approximately 18 h, the sample exhibited negligible dimensional changes, and measurements were continued up to 
22 h to confirm that equilibrium swelling had been reached.

Characterization of FITC diffusion in hydrogel via fluorescence recovery after photobleaching (FRAP)

The synthesized hydrogel samples containing encapsulated FITC molecules were first immersed in an identical FITC solution for free swelling to 
prevent FITC loss. Swelling was monitored, and once samples reached the desired size, they were removed, sealed in airtight bags, and stored at 4 ◦C for 
preservation.

FRAP measurements were performed using a confocal laser scanning microscope equipped with a 20 × objective and a 488 nm laser (10 mW). A 
hydrogel sample (10 mm × 10 mm × 1.5–3 mm) was mounted on the microscope stage. A circular region (25 μm diameter) at the center of the hydrogel 
was photobleached by focusing the laser at full power for 4 s. Fluorescence recovery was monitored at 1-second intervals for 100 s using the 488 nm 
scanning laser operated at 0.5% of its maximum power. System calibration was performed prior to imaging to ensure optimal resolution and focus.

To extract diffusivity parameters, the normalized intensity recovery curves were fitted using the Soumpasis equation [29], which models 
diffusion-driven recovery dynamics. The normalized intensity I(t) is defined as: 

I(t) =
I(t) − I(0)
I(∞) − I(0)

(A.1) 

where I(t) is the fluorescence intensity is measured at time t, I(0) is the intensity immediately after bleaching, and I(∞) is the plateau intensity 
representing complete recovery. The theoretical model [36] used for fitting is: 

I(t) = e− ω2/2Dt

[

B0

(
ω2

2D

)2

+B1

(
ω2

2D

)]

(A.2) 

where ω is the radius of the bleached spot, D is the molecule diffusivity, and B0 and B1 are the modified Bessel functions of the first kind of order 0 and 
1, respectively. The fitting procedure minimizes the mean square error between the experimental data and the model, allowing for accurate deter
mination of the molecule diffusivity, D.

For each condition, two independent hydrogel samples were tested. For each hydrogel, three bleaching locations were analyzed and averaged to 
obtain a representative diffusivity value. Error bars represent the standard deviation calculated from independent hydrogel samples.
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Quantitative analysis of FITC-dextran diffusion in DI water

The fluorescence intensity of FITC was calibrated using a Qubit 4 Fluorometer. For release experiments, FITC-encapsulated hydrogel samples (2 cm 
× 2 cm × 1.5 mm; ~0.6 mL of hydrogel precursor) were immersed in 20 mL of DI water to permit free swelling and diffusion. At designated time 
points, 200 µL of the surrounding DI water was collected for fluorescence measurement and then returned to the container to maintain a constant 
volume. Throughout the experiment, the container was sealed with Parafilm and wrapped in aluminum foil to minimize evaporation and prevent light 
exposure.
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Fig. A1. Normalized diffusivity ratio of 40 kDa FITC (d/ξ = 0.6) in hydrogels with different swelling ratios. All values represent mean ± SD (n = 6, three bleached 
spots per gel, two independently prepared hydrogels)
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Appendix B. Size estimation of fluorescein isothiocyanate (FITC) molecule

Three different sizes of FITC were used, with molecular weights of 40 kDa, 150 kDa, and 250 kDa. Their corresponding hydrodynamic diameters 
(in nanometers) were estimated following an empirical formula [37]: 

d ≈ 0.408M0.5
w (B.1) 

where d is the hydrodynamic diameter of the FITC-dextran molecules expressed in angstrom, and Mw is the weight-average molecular weight 
expressed in Da. The hydrodynamic diameters of FITC with molecular weights of 40 kDa, 150 kDa, and 250 kDa were estimated to be approximately 
8.16 nm, 15.8 nm, and 20.4 nm, respectively. Their corresponding ratios of d/ξ were approximately 0.6, 1.2, and 1.6, respectively.
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Fig. B1. Schematic of molecular penetration through a polymer cage. Side and top views are shown for (a) the as–prepared state and (b) the swollen state

Data availability

Data will be made available on request.
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