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as the spread encompassed by 90% of the displacements, the localized region decreased 

from 130 nm to 90 nm as acetone increased from 10 to 40 vol. %. This increase in 

confinement suggests a reduction in the local mesh size that confines localized NPs. 

While the non-Gaussian shape and decreasing displacement with increasing CR of the 

mobile NPs in the collapsed PAGs are qualitatively similar to those in the crosslinked 

PAGs, a reduction in the space explored by the localized NPs was only observed in 

collapsed PAGs, suggesting a difference in local structure even at similar average mesh 

sizes. 

 

Figure 3.6: The van Hove distributions of mobile NPs in the acetone collapsed system at 

(a) 0 (CR = 0.4), (b)10 (0.65), and (c) 40 (2.1) vol. % acetone at times of 0.08s (blue), 
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0.4s (red) and 1s (black) showing decreased displacements with increased CR. Insets 

show localized NP displacements that do not increase with time. (d) Single NP trajectory 

from 5 vol. % acetone system (CR = 0.6) exhibiting intermittent localization. Each point 

along the trajectory is separated by 40 ms with increasing time shown as a heat map (blue 

to red, ~2.5 s). Localized regions appear around 0 (blue) and 1.5 s (green to orange).  

The characteristic length of NP displacements at each time interval can be 

quantified by fitting the tails of the van Hove distributions to an exponential function, 

y=A*exp(-x/t) (Section 3.6.3). To include both positive and negative sides of the van 

Hove distributions, the absolute values of all negative displacements were taken prior to 

fitting. For both the crosslinked and collapsed gels, the characteristic length initially 

increased rapidly, and then more slowly at later times as shown in Figure 3.7.  The 

characteristic length scales as approximately t0.44 (solid lines) similar to the t0.5 

dependence observed in other systems, such as colloidal particles in entangled actin, 

where non-Gaussian van Hove distributions were observed.49 At fixed time, the 

characteristic length decreased as the CR increased for both the crosslinked (Figure 3.7a) 

and collapsed (Figure 3.7b) PAGs. One important difference between confinement types 

is that small changes in CR produced a large decrease in the characteristic length for the 

collapsed PAGs. For example at t = 0.4s, the characteristic length decreased from 440 to 

180 nm as the CR increased from 0.6 to 0.7. These large changes suggest that other 

factors, in addition to CR, impact NP diffusion in the collapsed gels. Another insight is 

that NPs exhibit smaller characteristic lengths (i.e., more strongly confined) in collapsed 

PAGs, than in crosslinked PAGs at similar CRs. Thus, the characteristic lengths of NPs 
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decreased more sharply with CR in collapsed PAGs, suggesting that CR alone is unable 

to capture NP diffusion. The exponential nature of the tails in our study indicate the NPs 

exhibit dynamic heterogeneity, which we propose is due to the heterogeneity caused by 

the collapsing network due to the poor solvent. The characteristic lengths describe the 

large displacements NPs take between being localized, and thus give an indication of the 

degree of hindrance the NPs are experiencing in the different local microenvironments. 

 

Figure 3.7: Characteristic lengths of (a) crosslinker confined PAGs at CRs of 0.4 (green 

hexagons), 1 (blue circles), 1.6 (purple diamonds), 1.8 (burgundy squares), and 3.8 (pink 

triangles) and (b) collapsed PAGs at CRs of 0.4 (green hexagons), 0.6 (blue circles), 0.65 

(red stars), 0.7 (orange squares), and 2.1 (black triangles). Characteristic lengths decrease 

as CR increases for both PAG systems. NPs within collapsed PAGs show decreased 

characteristic lengths when compared at similar CRs to NPs within crosslinked PAGs. 

Solid lines are best fits to tα.    
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Whereas NPs in a homogeneous environment exhibit Gaussian behavior, the 

displacement distributions in the crosslinked and collapsed PAGs display a central peak 

with a broad tail at long displacements. This has also been observed for particle diffusion 

in complex systems such as cells and f-actin solutions. 49, 50 In gels, this deviation from 

Gaussian behavior was attributed to NPs confined to a trapping well, the size of the 

central peak.29 Thus, particles are localized or trapped for a time interval and after 

escaping, either continue diffusive motion or become localized again. As previously 

noted in Figures 3.5f and 3.6d, SPT shows that NPs exhibit intermittent localization, 

suggesting that the local PAG environment is heterogeneous. Other studies that have 

observed similar non-Gaussian behavior analyze the localized and mobile populations 

together leading to central peaks that are confounded by an increase in small steps 

attributed to localized particles.29 Recognizing that NPs exhibit both diffusive and 

localized dynamics, only the mobile NP displacements were analyzed in the present 

study. As discussed in the introduction, the random crosslinking during gelation can 

produce heterogeneities in gels.31 Using SANS, PAGs were determined to have network 

dimensions ranging from 5 to 250 nm.32 Because similar synthesis methods are used in 

this study, PAGs likely exhibit similar network heterogeneity which in turn provides the 

environment leading to the distinct NP population dynamics and intermittent localization. 

The localization of NPs is attributed to NPs entering and becoming caged within tight 

mesh regions, as proposed previously.29  

The degree of dynamic heterogeneity in a system can be quantified by the non-

Gaussian parameter, Ng, given by,51 
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                                         (3-9) 

   

The Ng characterizes the deviation of the displacement distribution (Figures 3.5 and 3.6) 

from a Gaussian distribution. Quantitatively, the Ng compares the fourth moment to the 

second moment, namely the breadth of the distribution relative to the variance. For 

crosslinked PAGs at all CRs, the Ng of the mobile NP displacements were relatively 

small, Ng ≤ 1.5. Figure 3.8 shows Ng as a function of time for the collapsed PAG, and 

includes the water swollen crosslinked PAG at CR = 0.4 (green solid circles). Whereas 

Ng is only approximately 0.2 for a CR = 0.4 (0 vol. % acetone), Ng increases from 0.9 to 

4.5 as the CR increases from 0.6 to 0.7 (5 to 20 vol. % acetone), respectively. At 40 vol. 

% acetone, which corresponds to complete macroscopic collapse of PAG, Ng decreases to 

1.7, suggesting more homogeneous network.  In summary, the Ng was systematically 

larger for the collapsed PAGs compared to crosslinked PAGs, indicating that the addition 

of acetone increases the dynamic heterogeneity of NPs diffusing through PAGs. Further, 

the dynamic heterogeneity increased strongly even when the CR only increased by a 

small amount in collapsed PAGs. 
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Figure 3.8: Non-Gaussian parameters, Ng, for collapsed PAGs with 0 to 40 vol. % 

acetone content, CRs of 0.4 (green hexagons), 0.6 (blue circles), 0.65 (red stars), 0.7 

(orange squares), and 2.1 (black triangles). Ng increases as vol. % acetone  increases until 

full collapse at 40 vol % (CR = 2.1). 

For the acetone collapsed gels, the behavior of the Ng (Figure 3.8) indicates that 

the extent of dynamic heterogeneity increased as the poor solvent concentration 

increased. Using positron annihilation to probe local free volume, PAGs exhibited a 

decrease in free volume prior to the macroscopic VPT, which is evidence that the 

changes in the nanoscale environment can occur before the macroscopic collapse of the 

gel.33 In the current study, the increase in Ng prior to complete collapse at 40 vol. % 

acetone is consistent with this previous study. To gain further insight, the macroscopic 

average mesh sizes can be compared to the nanoscale confinement surrounding the NPs. 

For all CRs, the FWHM of the displacement distributions for localized NPs (Figures 

3.5d-e and insets of 3.6) was approximately 30 nm, which is comparable to the average 
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mesh size determined by macroscopic methods (Table 3-1) for the water swollen PAG 

having the lowest CR value, 0.4. However, by comparing the breadth of the distributions, 

the localized displacements decreased from 130 nm to 90 nm from CR = 0.65 and 2.1, 

indicating that the localized NPs can traverse 3 to 4 meshes. This reduction in the spatial 

coverage of localized NPs (insets of Figure 3.6b and 3.6c) is consistent with localization 

regions becoming smaller with increasing acetone content. Areas connecting these 

localization regions can be quantified by analyzing the mobile NPs. The characteristic 

length of the mobile NPs in the water swollen gel (CR = 0.4) at a single frame step, 0.04 

s, was approximately 370 nm, which is more than seven times the average mesh size, 

47±7 nm (Table 3-1). As the gel collapsed, however, the characteristic length decreased 

to approximately 45 nm, which is on the order of the average mesh size, 10 nm. Thus, 

movement of NPs in the collapsed gel was reduced to a few average meshes within the 

frame rate of the experiments. Overall, localized NP motion was comparable to the 

average mesh sizes determined from macroscopic methods and NP mobility decreased 

with decreasing average mesh size. Thus, by combining the average mesh size with the 

spatial area explored by NPs, a nanoscopic understanding of local gel structure can be 

developed.     

To interpret the NP behavior in the acetone collapsed system, an understanding of 

the continuous VPTs in PAGs is needed. When a poor solvent is introduced into the 

swollen gel, both contraction and microphase separation can be induced.44 The phase 

separation of dense polymer regions from solvent rich regions is caused by the 

contraction of neighboring strands, expelling the poor solvent and reducing contact free 
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energy, while strands in initially less dense regions remain swollen. The impact this 

separation and contraction has on NP diffusion is schematically shown in Figure 3.9. 

Figure 3.9a shows NPs diffusing through water swollen PAGs, which provides weak 

confinement (CR= 0.4).  However, as acetone is added, regions of the gel collapse into a 

tighter network, preventing some NPs from diffusing and increasing the tortuosity of the 

pathway for mobile NPs, Figure 3.9b. After the gel has fully collapsed, NPs are highly 

confined by collapsed polymer strands. NPs inside the most compact, dense regions do 

not diffuse, while those in less compact regions have reduced diffusion due to increased 

friction with the collapsed strands and increased confinement, Figure 3.9c. Using nuclear 

magnetic resonance, the dense regions in PAGs have been found to be 6-12 nm, although 

the authors indicated that the actual dense regions are somewhat larger.44 In the present 

study, the dense polymer regions appear to be on the order of 90 to 130 nm. Overall, NP 

mobility is sensitive to both the average mesh size and nanoscale heterogeneity caused by 

the collapsing of the gel.  

 

Figure 3.9: Schematic of NP mobility and gel network collapse during the continuous 

VPT of PAGs caused by increasing acetone content. (a) NPs in water swollen PAG, CR = 

0.4, displaying predominantly mobile NPs. (b) In 10-30 vol % acetone (CR = 0.6-0.7) 
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PAG, some NPs become localized due to neighboring chains collapsing into tighter 

meshes, while mobile NPs exhibit decreased mobility. (c) In the fully collapsed PAG, 40 

vol % acetone/ CR = 2.1, a majority of NPs are localized, while others are slowed down 

by increasing tortuosity.  

3.4.4 Comparison of NP Diffusion in Crosslinked and Collapsed PAGs   

Recent studies show that particle diffusion in gels, actin solutions, and colloidal 

solutions exhibit non-Gaussian displacement behavior,29, 49, 51 calling into question the 

validity of the Gaussian assumption and the simple linear relationship between MSD and 

diffusion coefficient. While it has been suggested that displacement distributions should 

be characterized, to our knowledge, no further method has been developed to extract 

diffusion coefficients (D) from non-Gaussian data. Thus, a protocol for determining D 

from MSD data was employed to allow for a systematic comparison of NP diffusion as a 

function of CR. To determine ensemble behavior, the geometric average MSDs for 

particles that exhibited mobile behavior was determined and plotted in Figures 3.2d-f 

and 3.4d-f (solid black lines). Particle trajectories were analyzed to determine power law, 

tα, scaling over the initial 80% of MSD traces. Traces fit with an r2 greater than 0.7, 

approximately 70% of mobile NPs, were used to determine the ensemble average of α, 

which equals approximately 1 for all crosslinking conditions over a time interval of 1 s. 

The ensemble geometric MSD was then calculated from traces where α = 1± 0.25.  This 

standard deviation represents the same range for NPs diffusing in homogeneous 

glycerol/water solutions. For the crosslinked and collapsed PAGs, the ensemble MSDs 

were fit with Equation 3-1 to determine D.  In this study, gel relaxation was fast 
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(milliseconds),25 the shortest experimental time delay was 40 ms, and NPs traveled many 

mesh distances, the NP diffusion coefficients correspond to center of mass diffusion and 

the longest relaxation time. 

Diffusion coefficients are expected to decrease as confinement increases. Using 

scaling relationships proposed by Phillies, probe (both macromolecular and particle) 

diffusion coefficients in polymer solutions decrease as an exponential or stretched 

exponential function as concentration or polymer molecular weight increases.52 While 

these studies focus on polymer solutions, the scaling behavior for NPs as a function of 

crosslinker concentration25 or network collapse has received little or no attention. For 

crosslinked PAG, NP diffusion coefficients decreased by over an order of magnitude as 

the CR increased from 0.4 to 3.8, as shown in Figure 3.10a. The solid line is a best fit to 

the exponential function with an argument given by -CR/1.1, where CR = 2R/ξ. The NP 

diffusion coefficients in the collapsed gels were not well fit by a similar exponential 

dependence, which we attribute to the impact of dynamic heterogeneity discussed 

previously. In the crosslinked PAG at the highest CR (= 3.8), the average mesh size was 

only 5 nm, nearly 4x smaller the NP diameter. Nevertheless, NPs exhibit diffusive motion 

for CR > 1 with no apparent sharp decrease near CR = 1. Although most theories assume 

that confinement (e.g., tube size, correlation length, mesh size) is homogeneous, PAGs 

are known to exhibit polydispersity in mesh size, and are therefore heterogeneous. As a 

result, NPs can move rapidly in open mesh regions while being confined in tighter mesh 

regions. In the case of crosslinked PAGs, the heterogeneity is relatively small and 
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therefore the confinement due to average mesh size is similar to that of the correlation 

length in a polymer solution.  

 Figure 3.10b plots the normalized diffusion coefficients for crosslinked and 

collapsed PAGs as a function of CR. The SE diffusion coefficients D0 uses the viscosity 

of in pure water or the water/acetone mixtures to account for the increase in viscosity as 

vol. % acetone increases. Similar to crosslinked PAGs, NP diffusion in collapsed PAGs 

decreases with increasing CR, however, the NP diffusion coefficients decrease much 

more strongly in the collapsed PAGs. The slower diffusion on NPs in collapsed PAGs is 

also observed by comparing the characteristic lengths shown in Figure 3.7. For example, 

compared at similar CR (1.8 versus 2.1) at 0.4 s, the characteristic length in crosslinked 

PAG was 500 nm, whereas it is only 140 nm in the collapsed PAG. These trends indicate 

that CR alone is unable to fully describe NP mobility in heterogeneous PAGs. To 

understand why NPs move slower in collapsed PAGs, the average Ng values were plotted 

versus the CR in Figure 3.10c. This data shows that the dynamic heterogeneity increased  

as the CR increased to about 1 but then decreased for CR > 1 (i.e., 40 vol. % acetone), 

indicating a more uniform mesh in fully collapsed PAGs. Moreover, relative to the 

crosslinked PAGs, the dynamic heterogeneity was always much greater in the collapsed 

PAGs when compared at the same CR. This larger heterogeneity suggests that the 

collapsed PAGs exhibit regions with smaller mesh size and therefore greater local 

confinement.  New models are needed to quantitatively account for the effect of dynamic 

heterogeneity on NP diffusion in heterogeneous gels.    
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Figure 3.10: (a) Diffusion coefficient, D, versus confinement ratio, CR, for crosslinked 

PAGs with exponential fit D ∝ exp (-CR/1.1). (b) Comparison of normalized diffusion 
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coefficients and (c) non-Gaussian parameters for collapsed and crosslinked PAGS. Insets 

of (b) depict the confinement imposed on NPs by the network for crosslinked (blue) and 

collapsed (red) PAGs. Error in CR corresponds to the standard deviation in mesh size 

from rheometry. Dotted lines in (b) are guides to the eye. Error in Ng (c) correspond to 

the average of values between 0.1 and 1 s shown for collapsed PAGs in Figure 3.8.  

In contrast to the crosslinked PAGs, the reduction in NP diffusion in collapsed 

PAGs is attributed to dynamic heterogeneity, which results from intermittent localization 

of NPs and a dispersity in mesh size (Figure 3.9). Other mechanisms that cause slowing 

should also be considered.  Even though attractive mesh-NP interactions could lead to 

intermittent localization, the NPs were grafted with a neutral PEG brush which does not 

hydrogen bond with PAG at pH values used in this study, specifically pH between 5.5 

and 7.5.53 Similarly, studies of the mechanical properties of PAGs loaded with silica NPs 

have shown that despite the charged surface of the silica NPs, PAG chains do not adhere 

to the NP surface.54 The slowing down in collapsed PAGs could be attributed to an 

increase in solution viscosity upon mixing acetone and water. To account for changes in 

viscosity, D was normalized by the SE diffusion coefficient in water/acetone mixtures as 

shown in Figure 3.10b.  However, it is possible that the local viscosity felt by the NPs 

differs from the bulk viscosity if the acetone is partitioned towards the center of the less 

dense regions.  Furthermore, the collapsed PAG likely contributes a higher segmental 

frictional drag on the passing NP. Both contributions, if they occur, require advances in 

modeling to understand their impact on chain and NP dynamics. Additionally, the PEG 

brush conformation could be collapsed upon introduction of a poorer solvent, although a 
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smaller effective hydrodynamic radius would increase D, opposite to the observed trend.  

Moreover, because the change in χ is small, going from 0.31 to 0.29 upon adding 10 to 20 

volume fraction of acetone to water, the PEG brush is not expected to change 

significantly, much less expand, as acetone content is increased.55 While other factors 

may contribute to the differing dynamics at the same CR, these studies indicate that the 

driving force for reduced mobility in collapsed PAGs is dynamic heterogeneity 

introduced into the PAGs by the addition of a poor solvent, acetone.  

3.5 Conclusion 

The diffusion of NPs within PAGs was studied as a function of network 

confinement.  By increasing crosslinker concentration or adding acetone to collapse 

PAG, the average mesh size was reduced to produce confinement ratios less than and 

greater than 1. In both PAGs, there was a corresponding decrease in NP mobility, yet NP 

diffusion was retained even when the NP was nearly 4x larger than the average mesh. NP 

mobility could be separated into localized and mobile populations. The mobile NPs 

displayed either intermittent localization through diffusive motion interspersed with 

random localization or continual diffusive motion. Diffusion coefficients decreased with 

confinement ratio, although the NP diffusion in the collapsed gels was slower than 

diffusion in the crosslinked gels when compared at a constant confinement ratio.  This 

difference was attributed to dynamic heterogeneity, which is supported by analysis of the 

displacement distributions and non-Gaussian parameters. Displacement distributions 

showed exponential tails that decreased in length and likelihood as confinement 

increased. This reduction occurred more rapidly in the collapsed PAGs than in the 
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crosslinked PAGs, which is consistent with the greater dynamic heterogeneity observed 

in the collapsed PAGs. These results suggest that the local structure of the collapsed 

PAGs is quite heterogeneous, resulting in dense regions with a small mesh size that 

localizes NPs and/or act as obstacles for NP mobility. Further experimental studies of NP 

diffusion through model gels with a monodisperse mesh size would provide important 

insight into the significance that dynamic heterogeneity plays in reducing NP diffusion. 

Additionally, single particle tracking using cameras that provide faster frame rates 

(hundreds of frames per second) and greater spatial resolution (~1 nm) are needed to 

determine the existence and impact of the hopping mechanism on NP diffusion in gels. 

Current models successfully capture the diffusion of NPs in polymer solutions, melts, and 

gels by assuming homogeneous non-interacting systems; however, more advanced 

models are needed to capture the effect of gel heterogeneity on NP diffusion and the 

impact of interactions between NP and polymer. Ultimately, by understanding how the 

macro and nanoscopic structure of polymer gels affects NP dynamics, the performance of 

membranes, separators, and drug delivery gels can be tailored with unprecedented 

control. 

3.6 Supporting Methods 

3.6.1 NP Size Determination 

A schematic and SEM image of the quantum dots (QDs) used in this study can be 

seen in Figure 3.11a. The QDs were purchased with PEG surface functionalization from 

Invitrogen (QD655). They were determined to have an average core diameter of 13 nm 

from dimensional analysis of SEM images, a histogram of this is shown in Figure 3.11b. 
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To determine the hydrodynamic radius of the QDs, diffusion coefficients of the QDs 

dispersed in solutions of glycerol and water were measured. Solutions consisting of 65, 

75, 84, and 90 weight percent glycerol had viscosities at 22˚C of 0.014, 0.036, 0.081, and 

0.194 Pas, respectively.56 The behavior of the QDs in water glycerol solutions obeyed 

Stokes Einstein diffusion, Equation 3-10; the diffusion coefficients varied linearly with 

the inverse of solution viscosity.  

                                                         (3-10) 

The dashed blue line in Figure 3.11c is the linear best fit to the experimental data. The 

hydrodynamic diameter was determined to be 20.8 ± 2.8 nm.  Each point in Figure 3.11c 

was determined from approximately 5000 NP trajectories in each viscosity solution 

averaged together to determine the ensemble mean squared displacement (MSD) which 

depended linearly on time. As an example, fitting the ensemble MSD for NPs in 90% 

glycerol in water with a viscosity 0.194 Pas with Equation 3-1 results in a diffusion 

coefficient of 1.042x 105 nm2/s with 95% confidence interval of 1.04x 105  - 1.05x 105  

nm2/s, shown in Figure 3.12. Agreement between data and fitting show the applicability 

of the Gaussian assumption for homogeneous control solutions. Additionally, Figure 

3.13 shows the Gaussian displacement distribution for these NPs in 65 weight percent 

glycerol at times of 0.08 (blue) and 0.4 (red) s. 
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Figure 3.11: (A) SEM image of NPs used in this study with inset showing schematically 

the dimensions of the core and PEG brush. (B) Histogram showing the hard sphere 

diameter average was 13 ±4 nm. (C) Diffusion coefficient of the NPs versus inverse 

viscosity of water glycerol solutions. Blue dashed line is linear best fit. The average 

hydrodynamic diameter determined was 20.8nms. 

 

Figure 3.12: Ensemble average MSD curve from 4946 NP trajectories in 90% glycerol in 

water with a viscosity 0.19 Pas.  
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Figure 3.13: Gaussian displacement distribution of NPs in 65 weight percent glycerol at 

times of 0.08 (blue) and 0.4 (red) s. 

3.6.2 Mesh Size Determination 

The polymer volume fraction and the zero-frequency shear modulus were 

experimentally characterized to determining the mesh sizes of each gel. Rheometry was 

performed on a TA Instruments RFS using a parallel plate geometry. The gels were 

maintained within the elastic regime, 1% strain, as determined prior to the frequency test 

by a strain dependent test at 1Hz. Examples of rheometry data from one sample of at least 

three are shown in Figure 3.14. Zero frequency shear modulus values were obtained 

from the y-intercept of linear fitting from 1 to 0.1 rad/s. To determine polymer volume 

fraction, all water must be removed from the gels. To do this, sections of the PAGs, 

approximately 0.5 X 0.5 cm, were gradually ramped, 20˚C per minute, to a temperature 

of 120 degrees then isothermally held until no change had occurred for over 5 minutes. 

Other ramping procedures, slower ramping, and isothermal temperatures, lower 

temperature were tried, but did not affect the results within error. An example of the TGA 
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analysis is shown in Figure 3.15 for the PAG with an average mesh size of 5 nm, or 

confinement ratio (CR) of 3.8.  

 

Figure 3.14: Storage modulus, G’, determined from a frequency sweep at 1% strain of 

PAG samples with increasing crosslinker. 

 

Figure 3.15:  Weight percent as a function of time determined from TGA analysis for gel 

with average mesh size of 5 nm, confinement ratio of 3.8. 
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3.6.3 Characteristic Length Fitting 

The tails of the van Hove distributions were fit with an exponential, Equation 3-

11, to determine the characteristic length at each time for each gel.    

                                       (3-11) 

Figure 3.16 shows an example of the exponential fitting for the crosslinker confined 

PAG with mesh size of 5 nm, confinement ratio of 3.8, at times of 0.08, 0.4, and 1 s. Both 

positive and negative sides of the van Hove distributions were incorporated into the fit by 

taking the absolute value of all negative displacements.  

 

Figure 3.16: Exponential fitting of van Hove distributions for determination of 

characteristic lengths from crosslinker confined PAG with mesh size of 5 nm, 

confinement ratio of 3.8. Solid lines correspond to fitting with Equation 3-11. 
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4.1 Introduction 

Stimuli-responsive gels are polymer networks in which properties change based 

on environmental cues such as pH, temperature, or electric field. Because their high water 

content and low interfacial tension enable biocompatibility, responsive hydrogels have 

drawn interest from biomedical fields. Further, these hydrogels have potential for 

biotechnological applications such as biosensors, bioseparation, and immobilization of 

enzymes in the body. Because these materials can actuate in response to stimuli, they 

could also be used to pump drugs into or from desired areas, or selectively allow for drug 

permeation.1 Controlling the diffusion and localization of drugs in such applications is 

critical to the functionality. N-isopropylacrylamide (NIPAAM), a well-studied 

temperature-responsive hydrogel, exhibits a lower critical solution temperature (LCST) 

and undergoes a phase transition close to body temperature (32 °C), making it a desirable 

candidate for these biomedical applications.1, 2, 3 In this study, we probe the mobility of 

nanoparticles (NPs) within NIPAAM at temperatures below and above the LCST. 

Understanding and controlling the diffusion of nanoscale particles within gels is 

important to aid in the implementation of these biomedical applications.  

 Below the LCST, called the volume phase transition temperature (VPTT) in 

hydrogels, NIPAAM gels are water-swollen because of the hydrophilic interaction 

between water and amide groups in the polymer chain.2 As the temperature is raised, the 

entropic costs of interactions with hydrophobic hydrocarbon and isopropyl groups of the 

polymer cause the NIPAAM chain to begin to expel water.2, 3, 4 At the VPTT, the 

association between hydrophobic groups dominates, resulting in chain collapse and a 
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sharp decrease in gel volume. As a result, pore, or mesh, size displays a large temperature 

dependence in NIPAAM gels.5,6 Small angle neutron scattering (SANS) studies on 

NIPAAM gels suggest that the mesh size at room temperature is on the order of a few 

nanometers.5, 7, 8 The correlation length scales with polymer concentration to the -1.16 

power for NIPAAM gels, however for concentrations from 0.009 to 0.2 polymer fraction 

this only changes the mesh from approximately 1 to 5 nm.8  Using a gel filtration method 

to estimate the pore size of NIPAAM gels crosslinked with bisacrylamide (bis) and 

acrylamide a study by Park and Hoffman9 claimed that NIPAAM pore size decreased to 

below the molecular size of vitamin B12 (MW 1355 Daltons, ~3 nm10) at temperatures 

above the VPTT, ~35 ˚C. Although mesh size represents the average space between 

polymer chains in the water-filled gel, the pore structure is heterogeneous and this 

heterogeneity can have a large impact on gel properties, such as modulus. 

To better control the capture and release of drugs and other small molecules 

within hydrogels being used in applications such as drug delivery systems, the local 

environment within the gel must be well understood. A gel’s formation causes several 

types of inhomogeneities to be present within the gel, as stated by Shibayama and 

Norisuye: spatial inhomogeneities induced by variations in crosslinking across different 

areas of the gel, mobility inhomogeneities due to local variations in mobility of the 

crosslinked chains, connectivity inhomogeneities dependent on the distribution of 

polymer chains throughout the gel, and topological inhomogeneities due to defects in the 

gel network.11 Gels prepared with low polymer and crosslinker concentrations have 

inconsistent properties, such as modulus and swelling ratio, as the effective polymer and 
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crosslinker concentrations differ throughout the gel. As crosslinking density is increased, 

however, the amount of spatial and mobility inhomogeneities increase. Analogously, 

higher polymer concentration can allow for more variations in polymer distribution, 

leading to higher connectivity inhomogeneity.12  Chetty et al.13 found that in a NIPA/bis 

system, increasing crosslinker content from 1.1 to 3.3 mol% bis led to higher elastic 

moduli, from 4 to 8 kPa, but at 9.1 mol% bis, structure inhomogeneity caused the 

modulus to be anomalously low, 2 kPa. Sayil and Okay found that a crosslinker content 

of 3 mol% was the upper limit for structure homogeneity in NIPA/bis systems, above 

which they observed agglomeration of NIPAAM gel microspheres and a corresponding 

decrease in modulus, from 12 to 2 kPa at 3 and 5 mol% bis, repectively, an indication of 

system heterogeneity.14   

Polymer concentration and crosslinking density also affect the VPT. Increasing 

either polymer or crosslinker concentration yields a more tightly knit gel structure in 

which there is a reduced capacity for retention of water and thus for swelling.15 When 

crosslinking is increased, the VPTT remains unchanged despite these differences in 

swelling ratio because the rate-limiting step for swelling and deswelling is mass transfer 

of the water entering and exiting the gel.1,15,16 A highly crosslinked gel has a lower 

swelling ratio, so less water must leave the gel as the temperature is raised above the 

VPTT, offsetting the decreased rate of mass transfer due to confinement of the system. 

As polymer concentration is increased, however, the VPTT becomes sharper.17 At higher 

polymer concentrations, hydrophobic interactions are stronger, driving the VPTT to be 

lower and to occur over a narrower range in temperature.17  
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 Although the VPTT of NIPAAM has been extensively studied, an effective 

model for predicting the mobility of molecules within these gels remains elusive. Peppas 

and Reinhart introduced the first model for diffusion in chemically crosslinked hydrogels, 

in which they propose that diffusion is proportional to the mesh size of a gel, which is 

dependent on swelling.18,19 While this model has been shown to predict diffusion 

effectively for solutes much smaller than the mesh size, theoretical predictions become 

inaccurate as the diffusant size nears, or becomes larger than, the mesh size of the gel.20 

Other models, such as the hydrodynamic21 and obstruction22 models, have since been 

developed in attempts to improve upon the free volume model. However, each of these 

models has their own limitations: the hydrodynamic model, which treats the diffusing 

solute as a large molecule for which diffusion is resisted by a large drag force, does not 

take into consideration heterogeneity in the gel; obstruction theory, which takes into 

account that the gel network contains polymer chains that the diffusant cannot bypass, 

works well for heterogeneous systems but assumes rigid, motionless polymer chains, far 

from the dynamic network of mobile polymer chains that exists in gels.23 Additional 

models for NP diffusion in gels have sprung out of the polymer physics community, 

however, these models were largely developed to describe dry polymer networks.24, 25 In 

the absence of effective models to predict the diffusion of molecules in NIPAAM 

hydrogels, some attempts have been made to directly determine the uptake and release of 

drugs into NIPAAM hydrogels in vitro.17,26 In these studies, however, the local 

environment that the drug experiences was not characterized and the drugs were too 

small to act as probes. 
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In this chapter, single particle tracking (SPT) was used to determine the mobility 

of quantum dot nanoparticles (NPs) functionalized with poly(ethylene glycol) (PEG) 

brushes (hydrodynamic diameter ~10 nm) in a NIPAAM hydrogel system. The NPs act 

as probes to the system, allowing characterization of the local structural environment of 

the NIPAAM gel as the swelling ratio was tuned by varying either polymer or crosslinker 

concentrations or temperature. NPs were found to be primarily localized within two 

cages: a primary cage of approximately 100 nm caused by interactions between the NP 

brush and the NIPAAM chains, and a secondary cage, from 150 to 300 nm, attributed to 

network confinement. As polymer and crosslinker concentrations were decreased, NP 

mobility increased, mainly due to an increase in the size of the secondary cage. 

Additionally, as the temperature was increased towards the VPTT, the secondary cage 

size increased and more NPs escaped from the cage, even as the gel was beginning to 

collapse. As the temperature was raised above the VPTT, however, the increasing 

confinement caused by the collapse of the gel dominated, resulting in decreased motion 

and a single cage size. Thus, despite the increase in thermal energy, the NPs became 

localized within the NIPAAM network. Understanding the impact of swelling and 

temperature on NP mobility within hydrogels will aid in the development of responsive 

gels for controlled release devices as precisely controlling nanoscale diffusants is 

paramount to functionality.  

4.2 Results and Discussion 

This study used SPT to probe the mobility of PEG functionalized NPs within 

NIPAAM networks as confinement was tuned by varying either the polymer and 


