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ABSTRACT 

Understanding the performance of widely applied nanoscale hydrogel 

biomaterials is an unmet need within the biomedical field. The objective of this master’s 

thesis project was to evaluate the effects size and surface area has on the in vivo behavior 

of nanoscale hydrogels. The hypothesis tested was that at the nanoscale, the increased 

surface area to volume effects of nanoscale hydrogels play and important role in the 

overall swelling of hydrogels, such that nanoscale hydrogels swell to a greater degree 

than their bulk counterparts. To investigate this, the bulk swelling behavior of a series of 

neutral poly (ethylene glycol) di-methacrylate (PEGDMA) hydrogels was experimentally 

tested. Along with experimental studies, a computational model based on the 

experimental findings was developed to serve as a means of predicting nanoscale 

swelling and subsequent drug release behavior. The computational hydrogel model was 

validated with the experimental densities and swelling ratios calculated. The surfaces of 

swollen hydrogels had a density gradient until reaching a stabilized, core density. As the 

size of the hydrogel decreases, the surface area to volume ratio increases, which enhances 

surface effects for micro- and nanoscale hydrogels. This conclusion helps to confirm the 

hypothesis that the increased surface area to volume ratio of nanoscale hydrogels affects 

the overall swelling ratio in comparison to their bulk counter parts. Particle size should be 

considered when characterizing nanoscale hydrogels. In this thesis, a computational 

hydrogel model capable of simulating hydrogel swelling for hydrogels with a dry state 
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diameter of 40 nm was created. In the future, this model would ideally be able to simulate 

hydrogels with a dry state diameter ≥ 100 nm to test the full range of nanoscale size 

effects on hydrogel swelling.  
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CHAPTER 1 

 

INTRODUCTION 
 

1.1 Hydrogels 

1.1.1 An Introduction to Drug Delivery and Hydrogels 

Over the past few decades, the ability to precisely control drug release rates for 

prolonged times has become more and more practical. Despite our increased 

understanding of the body, drug kinetics, and drug delivery systems, there is still a need 

for understanding and producing precision medicine for targeted delivery.1 The objective 

of controlled delivery is to efficiently and effectively provide therapy to the target site 

without the use of too little or too much drug. For example, environmentally responsive 

polymer networks can be triggered by the surrounding environment in the targeted region 

of the body to release drug therapeutics from the polymer network into the desired area. 

Controlled drug delivery systems can provide a less toxic route of drug delivery,and 

allow less frequent dosing, and reduced invasiveness.2 Ultimately, the ideal drug delivery 

system should be inert, biocompatible, mechanically strong, non-invasive for the patient, 

capable of achieving high drug loading, safe from accidental release, simple to administer 

and remove, and easy to fabricate and sterilize.2 Although significant progress has been 

made towards understanding and designing drug delivery systems, there is still plenty of 

room for growth and optimization in the field. According to the Global Markets and 
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Technologies for Advanced Drug Delivery Systems, the 2015 market for drug delivery 

systems (DDS) was around $179 billion with expectations of being around $227 billion 

by 20203.  

Hydrogel based systems are commonly studied for drug delivery because of their 

highly porous structures which are capable of loading and releasing therapeutics1,4–6. 

Such materials have been developed and enhanced for biomedical applications including 

tissue engineering, regenerative medicine, diagnostics, cellular immobilization, and drug 

delivery1,4,7–17. Hydrogels are three-dimensional, crosslinked polymer networks capable 

of swelling and retaining large amounts of aqueous solutions in their swollen state, 

Figure 1-118,19.  

 

Figure 1-1: A close-up schematic of a crosslinked hydrogel swelling in water19 

 Hydrogels swell through the diffusion of water as a result of capillary, osmotic, 

and hydration forces, and they are counterbalanced by the elastic force of the crosslinked 

polymer chains resisting the expansion.20  Hydrogels can be formed through crosslinking 

by a chemical reaction between monomers and/or polymers, through physical 

entanglements through polymer chain interactions, or by a combination of the two10,20. In 

addition to swelling in aqueous solution, hydrogels can be tailored to be stimuli-
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responsive and exhibit a volume increase or decrease in response to physical, chemical, 

or biochemical stimuli such as temperature and pH.1,4,5,18,21–27 The responsiveness of 

hydrogels is attributed to the monomers and polymers composing the hydrogel, which 

can be natural and/or synthetic, and can be anionic, cationic, amphipathic or neutral in 

charge10,12,20,25,27–31.  For example, ionic hydrogels have pendant groups attached to the 

polymer backbone, and upon ionization, the pendant groups will repel or attract each 

other causing swelling or deswelling. In the same fashion, temperature responsive 

hydrogels can be developed that can increase or decrease in solubility upon being heated, 

which drives the swelling or de-swelling of the hydrogels.4,5,21,27,28,32 Other factors that 

affect the hydrogel properties and subsequently hydrogel swelling include the molecular 

weight of the polymer, the concentration of polymer in the hydrogel, the physical size 

and shape of the hydrogel, and the curing time and energy intensity of thermal or 

photopolymerization.27,33 Hydrogels can be developed into a range of physical sizes and 

shapes, from films and patches to micro- and nano-particulates, based on the desired 

use9,24,28. Bulk hydrogels such as films and patches can be fabricated with relative ease 

through well-established methods, whereas micro- and nanoscale hydrogel synthesis is 

more complex but can be done through oil emulsion techniques or photo or imprint 

lithography.4,12,21,29,34,35  

Hydrogels are often characterized through swelling studies. These studies are 

done by putting hydrogels in solvent and allowing them to swell to their maximum 

extent. The resulting information can be used to provide information about the network’s 

physical properties, including pore size of the resulting hydrogel network and molecular 

weight between crosslinks.12,29,30,35 The structural features of hydrogels composed of low 
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molecular weight polymers whose pores are in the sub-nanometer range are cannot 

characterized using conventional nanoscale imaging techniques including scanning 

electron microscopy (SEM), enivironmental SEM, and X-ray computerized tomography. 

X-ray computerized tomography (μCT) and scanning electron microscopy (SEM) have 

also been successfully used in imaging, however, the samples studied had 

macropores33,36,37. X-ray computerized tomography works by taking multiple two-

dimensional projections, or slices, of a sample, and reconstructing them into a three-

dimensional volumetric image37. SEM works by creating an image based on the 

secondary or back scattered electrons interacting with the surface of the sample, which 

may require a coating of conductive material such as gold, silver, or platinum for better 

imaging results36. Although these techniques can image nanofibers and complex 

structures, they are not ideal for imaging hydrated samples, and are not able to image 

hydrogel network pores in the sub-nanometer range. 

In summary, hydrogels are highly versatile biomaterials because they can be 

developed with a controllable initial size (from nanometers to centimeters), shape (patch, 

capsule, etc), and functionality (pH, temperature, biomolecule responsive), to be suitable 

for several biomedical applications. Upon tailoring and developing hydrogels, the overall 

internal structure, surface properties, and maximum water intake of hydrogels can be 

found through characterization techniques done post-fabrication. The structure of 

hydrogels can be determined in most cases, however, for nanometer-sized hydrogels, 

these structural features cannot be accurately characterized. 
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1.1.2 Characterization of hydrogels 

Before controlled drug-release systems could be realized for medical use, a model 

was developed to simulate diffusion of drug molecules through a membrane. The 

quantification of drug release into a usable equation known as the Higuchi equation, was 

originally derived by Takeru Higuchi nearly 60 years ago.19 The Higuchi equation was 

able to simplify and address complex drug transport and release from planar devices that 

opened the window to facilitate device optimization and better understand the underlying 

drug release mechanisms.19 The derivation of the Higuchi equation required a number of 

assumptions that have led to misinterpretations and misuse of the equation, despite 

favorably contributing to the understanding of controlled drug delivery.19 Higuchi 

considered the release of a drug from a thin ointment film into the skin under set 

conditions in his derivation, which include the following: 

1. Drug transport through the ointment base is rate limiting, whereas drug transport 

within the skin is rapid. 

2. The skin acts like a “perfect sink”: The drug concentration in this compartment 

can be considered to be negligible. 

3. The initial drug concentration in the film is much higher than the solubility of the 

drug in the ointment base. 

4. The drug is finely dispersed within the ointment base (the size of the drug 

particles is much smaller than the thickness of the film). 

5. The drug is initially homogeneously distributed throughout the film. 

6. The dissolution of drug particles within the ointment base is rapid compared to 

the diffusion of dissolved drug molecules within the ointment base. 
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7. The diffusion coefficient of the drug within the ointment base is constant and does 

not depend on time or the position within the film. 

8. Edge effects are negligible: The surface of the ointment film exposed to the skin 

is large compared to its thickness. The mathematical description of drug diffusion 

can be restricted to one dimension. 

9. The medium (ointment base) does not swell or dissolve during drug release.  

Among these considerations, considerations (7) and (8) particularly neglect the 

surface effects of hydrogels, which are more significant in the nanoscale. Stemming from 

the Higuchi equation, other theoretical equations came about, which offered a convenient 

way to categorize controlled release systems: diffusion-controlled, swelling-controlled, 

and chemically controlled.19  

The swelling behavior of hydrogels without ionic contributions can be analyzed 

by the Flory-Rehner theory. The model by Peppas and Merrill has a similar approach to 

relating experimental values to theory, however, it was made to be applicable to systems 

where the solvent is present during the crosslinking reaction, as is the case for the 

hydrogel studied in this thesis.  

The idea behind both theories is that a crosslinked polymer gel is subject to two 

opposing forces: the thermodynamic forces of mixing and the retractive forces of the 

polymer chains. These forces were related to the free energy of the system, Eq. 1-1. 

 ∆𝐺 =  ∆𝐺mix +  ∆𝐺elastic Eq. 1-1 

Where ∆𝐺 is the free energy of the system which can be broken down into the free 

energy of mixing, ∆𝐺mix, and the elastic-retractive free energy, ∆𝐺elastic. The full in-

depth derivation of the Flory-Rehner theory/Peppas-Merrill equation is described by 
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Brannon-Peppas and Peppas.10,12 In summary, the free energy of mixing, ∆𝐺mix, is 

derived from the entropy change on mixing, ∆𝑆mix, and the heat of mixing, ∆𝐻mix, Eq. 

1-2. 

 ∆𝐺mix =  ∆𝐻mix −  𝑇∆𝑆mix Eq. 1-2 

Where the entropy changes on mixing, ∆𝑆mix and temperature, T, are subtracted from the 

heat of mixing, ∆𝐻mix. The elastic contribution of the polymers making up the hydrogel 

polymer matrix is derived from the statistical theory of rubber elasticity, Eq. 1-3. 

 ∆𝐺elastic =  
𝑘𝑇𝑣𝑒

2
(3𝛼𝑠

2 − 3 − ln 𝛼𝑠
3) Eq. 1-3 

Where 𝑣𝑒 is the effective number of chains in the hydrogel network, 𝛼𝑠 is the expansion 

factor of the polymer network, and T is the temperature at which the expansion is 

measured. The differentiation of Eq. 1-2 with respect to the number of solvent molecules 

at a constant temperature and pressure, results in the chemical potential of the solvent in a 

swollen hydrogel, Eq. 1-4.10  

 𝜇1 − 𝜇1
0 = (∆𝜇1)mix +  (∆𝜇1)𝑒𝑙 Eq. 1-4 

Where 𝜇1 is the chemical potential of the swelling agent in the polymer-swelling agent 

mixture, and 𝜇1
0 is the chemical potential of the pure swelling agent. Using the Flory-

Huggins theory, (∆𝜇1)mix can be expressed as Eq. 1-5.21 

 (𝜇1)mix = 𝑅𝑇[ln (1 − 𝑣2,𝑠) + 𝑣2,𝑠 +  𝜒1𝑣2,𝑠
2] 

Eq. 1-5 

 

Where v2,s is the polymer volume fraction in the swollen state, 𝑅 is the universal gas 

constant, and 𝜒1 is the free energy mixing parameter of polymer and solvent. Using the 

Flory-Huggins theory, (∆𝜇1)𝑒𝑙 can also be expressed as Eq. 1-6,21 



 

20 

 

 (∆𝜇1)el = 𝑅𝑇 (
𝑉1

𝑣𝑀𝑐
) (1 −

2𝑀𝑐

𝑀𝑛
) 𝑣2,𝑟 [(

𝑣2,𝑠

𝑣2,𝑟
)

1
3⁄

−
1

2
(

𝑣2,𝑠

𝑣2,𝑟
)] 

Eq. 1-6 

 

where V1 is the molar volume of the water, 𝑀𝑛 is the number-averaged molecular weight 

of the unreacted polymer, v is the specific volume of the polymer, v2,r is the polymer 

volume fraction in the relaxed gel, and 𝑀𝑐 is the average molecular weight between 

crosslinks.  

The difference between the Flory-Rehner theory and the Peppas-Merrill equation, 

Eq. 1-7, becomes a matter of when the crosslinks are introduced.  

 

1

𝑀𝑐
=

2

𝑀𝑛
−

𝑣
𝑉1

(ln (1 − 𝑣2,𝑠)  + 𝑣2,𝑠 + 𝜒1𝑣2,𝑠
2 )

𝑣2,𝑟 ((
𝑣2,𝑠

𝑣2,𝑟
)

1
3

− (
𝑣2,𝑠

2𝑣2,𝑟
))

 
Eq. 1-7 

For the Peppas-Merrill equation, 𝑣2,𝑟 considers the initial relaxed state of the hydrogel 

when the crosslinking occurs. For the original Flory-Rehner theory, Eq. 1-8, 𝑣2,𝑟 is 

considered to equal 1 and is used for when the hydrogel is crosslinked in the solid state.  

 
1

𝑀𝑐
=

2

𝑀𝑛
−

𝑣
𝑉1

(ln (1 − 𝑣2,𝑠)  + 𝑣2,𝑠 + 𝜒1𝑣2,𝑠
2 )

[𝑣2,𝑠

1
3 −

𝑣2,𝑠

2 ]
 Eq. 1-8 

The Peppas-Merrill equation uses experimental swelling study values to relate the 

structure and morphology of the hydrogel material to diffusion.19  Specifically, the 

average molecular weight of the polymer chain between two neighboring crosslinking 
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points (𝑀𝑐), and the corresponding mesh pore size (ξ), seen in Figure 1-2, can be 

determined.12  

 

The mesh pore size, ξ, is important for determining whether a loaded drug within the 

hydrogel can be sufficiently transferred to the target site, and can be determined through 

Eq. 1-9, or equivalently, by substitution, as Eq. 1-10.34  

  𝜉 = 𝛼(𝑟0
2)1 2⁄  Eq. 1-9 

Where 𝛼 is the elongation ratio from the hydrogel dry state to the hydrogel swollen state,  

and (𝑟0
2)1 2⁄  is the polymer distance from crosslink to crosslink. The experimental pore 

size calculation can be determined by substitution seen in Eq. 1-9.34  

 𝜉 = 𝑣2,𝑠
−1

3⁄ (
2𝐶𝑛𝑀𝑐

𝑀𝑟
)

1 2⁄

𝑙 Eq. 1-10 

In the substitution, 𝛼 is equivalent to v2,s
-1/3 and (𝑟0

2)1 2⁄  is substituted with  (
2𝐶𝑛𝑀𝑐

𝑀𝑟
)

1 2⁄

𝑙. 

𝐶𝑛 is the characteristic ratio of the polymer, 𝑀𝑟 is the molecular weight of the monomer 

Figure 1-2: Dry and swollen state hydrogels showing the swollen state ξ and 𝑀𝑐 

parameters. Red beads represent the crosslink points and black lines represent the 

polymer chain. 
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repeat unit, and l is the average bond length of the atoms composing the monomer. With 

these outputs, the physical properties of the hydrogels can be understood and be modified 

and used for specific applications. For instance, therapeutic agents of a given size will not 

be released from a network whose pores are smaller than the therapeutic agent until the 

pores swell to be large enough to fit it. The pore size calculation would then be useful in 

determining the best hydrogel formulation for therapeutic agent release. 

Within the Peppas-Merrill equation, assumptions are made to simplify the 

network and its characterization. For bulk hydrogels, these assumptions may be valid, 

however, they do not necessarily hold true in the nanoscale. The assumptions include:  

1. That the volume change reflected in the elastic portion is assumed to be equal in 

all 3 dimensions.  

2. That the crosslinks are tetrafunctional and fully crosslinked.5,38  

3. That the density of polymer and crosslinks throughout the hydrogel is uniform, 

such that there are no differences in entropy, enthalpy, and elasticity, or the 

overall ∆𝐺 based on the distance from the center to the edges of the hydrogel.27  

The Peppas-Merrill equation has been used with known limitations to characterize the 

internal crosslinked hydrogel structure using information provided by swelling studies 

and of the polymer water interactions. Although it is considered to be the gold standard of 

characterization for nonionic hydrogel systems, the Peppas-Merrill equation does not 

account for swelling differences observed in nanoscale hydrogels.10,12,35,39   

Smaller objects of the same shape have a larger surface area to volume ratio than 

larger counterparts. This surface area to volume ratio is larger and becomes much more 

relevant at the nanoscale. Factors that differ between near-surface and bulk regions of 
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hydrogels will affect nanoscale hydrogels more strongly than for the bulk hydrogels. 

These factors can be surface wetting, density, elastic constraints, degree of entanglement, 

etc. that are no longer able to be averaged into the “bulk” calculations. A difference in 

surface density would be a violation of Assumption 3, which would inevitably violate 

Assumption 1. This dominating size factor was studied by Caldorera-Moore et al., where 

it was found that the swelling of nanoscale hydrogels is comparable to the bulk when the 

length of the particle is longer than 400 nm while the width and height were 100 nm35. 

The implementation of a computational model could serve as a predictive model for the 

swelling behavior of hydrogels within the body and can confirm and evaluate how size 

and increased surface area affect the swelling of hydrogels since it cannot be directly 

measured experimentally at the nanoscale. A model would allow for flexibility with the 

degree of crosslinking and would be more encompassing and accurate when determining 

the swelling characteristics of different polymer blend hydrogels.  

1.1.3 Thesis Approach 

In this thesis, poly(ethylene glycol) di-methacrylate, PEGDMA, was used to 

conduct experimental swelling studies to obtain the initial parameters of the 

computational model. Poly(ethylene glycol) (PEG) hydrogels have been widely studied 

and used in drug delivery and biomedical applications because of their functionality, 

biocompatibility, and stealth properties that allow PEG molecules to reach the target 

tissue without being attack by the immune system.6,22,28,32,40–45 These stealth properties 

are attributed to PEG’s inherent repellence to cells.12 PEG reduces particle aggregation 

which increases the drug formulation’s stability in storage and application, is fairly 
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inexpensive, and is approved by the FDA, making it an ideal candidate to be studied 

further for size effects.6  

PEGDMA is a neutral polymer with UV sensitive, trifunctional terminals (DMA) 

capable of being chemically crosslinked to form a hydrogel. The molecular weight of 

PEGDMA can range from the tens to the thousands, and can be crosslinked chemically, 

through irradiation, or photopolymerization to form the 3-dimensional network.21 A 

similar hydrogel, poly(ethylene) glycol diacrylate, has been developed by Caldorera-

Moore et al.35 through imprint lithography to fabricate bulk and nanoscale hydrogels, 

which led to the hypothesis being studied in this thesis. The results showed that there was 

a significant increase in the degree of swelling for the hydrogels below the 100 nm range 

compared to their micro- and bulk counterparts35. The current models characterizing 

hydrogel swelling do not account for these differences.  

The parameters obtained in the experimental swelling studies along with the 

parameters from scholarly sources regarding modeling of poly(ethylene glycol) were then 

used to build an accurate computational model of neutral PEGDMA hydrogels at a range 

of sizes within the nanoscale. Once the model was built, the hydrogel was simulated to 

swell in water and be characterized by its dry and swollen state. The overall objective 

was to create a scalable hydrogel model that had all the same build features so that the 

effects of size and surface area to volume ratio could be evaluated. 
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1.2 Computational modeling of polymer networks 

1.2.1 Polymer modeling 

Flexible polymers like PEG are highly elastic and deformable. These molecules 

are capable of rotating around the bonds along the backbone and forming coils with an 

end-to-end distance significantly shorter than their elongated forms, as seen in Figure 

1-3.  

 

Figure 1-3: Flexible polymer with end-to-end distances shown. 

 

This is reflected in the elasticity of polymers and allows for stretching and uncoiling, 

however, the forces sustained by the elastomer chains are entropic. The stretched 

configuration of the chains means fewer available conformations are possible which 

causes an increase in the network energy. Classical affine theory of elastomer networks 

assumes Gaussian, freely-jointed chains with the same end-to-end length distribution 

throughout the network, incompressibility of the network, affine deformation with affine 

boundary conditions, and the total energy in the network is the sum of the energies of the 

chains within the network46,39. Affine deformation in elastomer networks was previously 

assumed if the boundaries deformed affinely. Small angle neutron scattering (SANS) 
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suggests global affine deformation does not necessarily translate to local affine 

deformation.47,48 The consensus for non-affine deformation in polymer networks is that 

interchain effects such as the interchain excluded volume and entanglements cause the 

non-affine deformities. Closely tied with this supposition is that the local change of 

crosslink density across a polymer network and the concentration of polymer induce non-

affine deformation.49,50 This discrepancy in deformation comes down to a variance in 

single chains, which would have a larger effect in smaller samples. Deformation at the 

surface of the hydrogel, where the polymeric network is less constricted by crosslinks, 

would differ from the more constricted center. This would likely result in different 

swelling behavior at the surface of the hydrogel as compared to the core, resulting in 

different swelling for nanoscale hydrogels as compared to bulk hydrogels. An accurate 

model representation of a polymer network would entail having localized deformation of 

polymers and entanglements within a global network representative of a nanoscale 

hydrogel.  

1.2.2 Determining the scale of the computational model 

The random nature of polymers within elastomer networks along with 

entanglements, attractions, and repulsions can make the modeling of elastomer networks 

complex. At bulk length-scales, reasonable results can be obtained by assuming a normal 

distribution within a network, while at atomic scales polymer twists and entanglements 

can be explicitly modeled, but simulation volumes are severely limited. To study effects 

at the nanoscale, we require a model that accounts for entanglements, but also reaches 

length scales in the 10’s of nm.  
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Computational modeling exists on many scale lengths from the quantum level of 

Angstroms (10-10 m) to centimeters and meters, as seen in Figure 1-4.51–54 

 

Figure 1-4. A Schematic diagram of temporal and spatial scales accessible by 

simulation techniques. Also indicated are some characteristic membrane structures and 

events55. 

 

The time scale at which these lengths are represented are related to their size and can 

range from  seconds to smaller than femtoseconds (10-15 s). The objective of choosing the 

modeling approach is to find a representative scale length that is accurately determinses 

the desired characteristics while maintaining the computational efficiency of the model.   

In this work, nanoscale hydrogels are being studied particularly for their 

deformation and swelling observed as they absorb water, with an emphasis on the effects 

of size on the global swelling of the hydrogel. These size effects are known to play a role 

in hydrogel swelling, yet no current methods are available to understand how and why 

they exist. By creating a model, the size and surface area to volume ratio effects can be 

better understood, and the model itself could serve as a predictive tool to simulate the 
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swelling process without any experimental contribution. The overall network effects in 

hydrogel swelling cannot be fully simulated on atomistic scales because of the 

computational expense of modeling a large enough sample that captures the network 

topology, the pore sizes, and the physics. On top of the computational expense, the time 

step for atomistic models must consider bond vibrations, meaning a maximum time step 

around 10-15 s (1 femtosecond). These factors alone, give reason to assess hydrogel 

swelling on a larger scale. Although coarse-grained dynamics can still be computationally 

expensive, the time steps can be 20-50 times longer than atomistic capabilities, while also 

modeling a larger system.56–58 Coarse-graining allows enough detail to capture the bridge 

between the chains and the overall network while maintaining the physics associated 

within. Complex systems can be simulated by simplifying the representation and 

decreasing the degrees of freedom allowing for longer simulation times.  

1.2.3 Coarse-graining 

One of the more common ways of coarse-graining is to consider the repeat units 

as a bead with elastic connections to develop what is known as a bead-spring 

model.13,52,58–63 The bead is mapped to preserve structural symmetry that would be 

compatible with the coarse-grained water model. The structural and dynamic properties 

can be attained by matching the atomistic references to the coarse-grained system, 

pictured in Figure 1-5.62,63  
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Figure 1-5. Atomistic (a) and coarse-grained (b) representations of poly(ethylene glycol) 

dimethylether chain (PEG-DME). Each -CH2-O-CH2 repeat unit is mapped into one 

coarse-grained EO site.40. 

 

One common way to parameterize the beads is to fit to structural properties such as the 

radial distribution functions derived by atomistic simulations.55,56 Other options include 

matching the average force exhibited on the atom cluster represented by coarse-grained 

bead.42,52,56–58,61 Fortunately, poly(ethylene glycol) is a widely studied polymer whose 

mapping has been extensively studied, and is the polymer repeat unit of PEGDMA that I 

have chosen to study for my thesis.6,18,22,28,32,40–45  

The bead-spring model can be effectively applied with two methods, Monte Carlo 

and molecular dynamics. In the Monte Carlo approach, particles are given a probability 

of moving individually  or as aggregates to a neighboring site which is then accepted or 

not based on the energy change due to the move and an associated probability64–66. The 

molecular dynamics approach of the bead-spring model is a simulation of the monomer 

or groups of monomers and their bonds by solving Newton’s equations of 

motion.15,52,56,67 This method allows for predictive deformation and enables 
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entanglements to occur, which would allow future kinetic/diffusion studies, which Monte 

Carlo will not allow. The molecular dynamics approach was taken in the hopes of better 

characterizing the polymeric network and its use in predictive swelling across all size 

scales.  

In the case of my thesis, a coarse-grained model was built to be able to accurately 

model networks in the range of 5-25 nanometers in each dimension in the dry state, 

enough to study the effect of a large range of surface area to volume ratios. 
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CHAPTER 2 

 

EXPERIMENTAL METHODS 
 

2.1 Experimental Methods 

Hydrogel network pore size and molecular weight between crosslinks can be 

characterized through swelling studies as previously described.4,12,19,30,33–35,39,68 Although 

it is not done in this work, knowledge of these swelling characteristics can then be 

applied towards determining the solute diffusion coefficient, the surface properties and 

mobility, the optical properties, and mechanical properties.21 These factors can be 

essential for understanding drug loading and diffusion through the network among other 

uses. The following methodology is for the preparation of poly(ethylene glycol) di-

methacrylate, PEGDMA, hydrogels. The goal of developing PEGDMA hydrogels and 

conducting swelling studies was to gather data to be used to accurately create a scalable 

computational hydrogel model. The hydrogel model would then serve as a predictive 

model for nanoscale hydrogel swelling capable of isolating the size effects on the overall 

swelling and structure of hydrogels.   

In this study, the molecular weight (MW) of PEGDMA, percent by weight (% 

wt.) of polymer to water, and UV intensity were varied to investigate the effects each 

contribution had on the resulting hydrogels’ overall swelling and structural features. 
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PEGDMA is a polymer whose terminals can be photoinitiated to crosslink with other 

PEGDMA terminals to create a crosslinked hydrogel network. The optimal amount of 

photo-initiator, the intensity and time required to cure the following sized hydrogel films 

were predetermined by the lab group through a series of tests and outside research. The 

two molecular weights of PEGDMA used were of 750 Daltons and 1000 Daltons, 

acquired from Sigma Aldrich and Polysciences Inc., respectively. The percent by weight 

of polymer to water was tested at 25, 30, and 50 % wt. Ultimately, 12 different hydrogel 

formulations were developed, 6 at high intensity (~33 mW/cm2) and 6 at low intensity 

(~13 mW/cm2), as summarized in Table 2-1.  

 

 

 

Table 2-1: Formulations for varying percent polymer of different molecular weight 

PEGDMA at low and high intensity, with actual values listed. 

% 

polymer 

MW 

PEGDMA 

UV 

intensity Polymer (g) DIH2O (g) 

Photoinitiator 

I2959 (g) 

  750 LOW 2.515 7.4994 0.0124 

25  HIGH 2.4987 7.5109 0.01274 

 1000 LOW 2.5048 7.4961 0.0128 

    HIGH 2.5017 7.5197 0.01254 

  750 LOW 3.0034 7.0423 0.0124 

30  HIGH 3.014 7.0073 0.0149 

 1000 LOW 2.9921 7.0045 0.01532 

    HIGH 3.013 7.0114 0.0155 

  750 LOW 5.0155 5.0142 0.02481 

50  HIGH 5.0138 5.0019 0.0253 

 1000 LOW 4.9935 5.0256 0.02558 

    HIGH 5.05 5.009 0.0256 
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2.2 Materials 

The materials used in the synthesis and swelling studies of hydrogels can be 

found in Table 2-2. 

Table 2-2: List of materials used in the experimental methods with the abbreviations, 

company they were acquired from, and the identity/purpose of the material. 

Materials Abbreviation Company Identity/Purpose 

Poly(ethylene glycol) 

dimethacrylate MW 

750 

PEGDMA 750 Sigma Aldrich 
Polymer with crosslinker 

terminals 

Poly(ethylene glycol) 

dimethacrylate MW 

1000 

PEGDMA 

1000 
Polysciences Inc. 

Polymer with crosslinker 

terminals 

Deionized Water DIH2O   

Solvent for synthesizing 

hydrogels. Obtained with a 

Millipore deionization 

system 

2-Hydroxy-4’-(2-

hydroxyethoxy)-2-

methylpropiophenone 

I2959 Sigma Aldrich 
Photoinitiator, Lot #: 

MKBJ9842V  

Heptane    Fisher Scientific 
Non-solvent used with 

density kit (0.684 g/cm3) 

1X Phosphate Buffered 

Saline 
PBS Sigma Aldrich 

Solvent for swelling 

hydrogels (pH 7.4, 1X 

molarity) 

Teflon Spacer   Dupont 

1 mm thick, separates 

photomask to control 

hydrogel thickness 

Soda lime photomask     
Transparent encasement for 

hydrogel precursor solution 

Biopsy Punches   Fisher Scientific 

Cuts circular discs of 1.5 cm 

diameters from hydrogel 

film 
 

The equipment used for the synthesis and swelling studies of hydrogels can be found in 

Table 2-3. 
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2.3 Hydrogel Synthesis 

The precursor solutions were prepared in a labeled 50 ml amber bottle by 

weighing out the required amount of PEGDMA and DIH2O, Table 2-1, using the 

Sartorius scale. The solution was then mixed with the vortex mixer for 2 minutes. Photo-

initiator, I2959, was then added to the precursor hydrogel solution at a 0.5% wt. with 

respect to the PEGDMA mass used. Two soda lime photomasks were then placed atop 

one another with 2 Teflon spacers in-between to achieve a 2 mm thick separation, with 

clamps to form a seal around the edges, as shown in Figure 2-1. 

Table 2-3: List of equipment used in the experimental methods with the abbreviations, 

company they were acquired from, and the identity/purpose of the equipment. 

Equipment Company Identity/Purpose 

Ultrasonic Bath Bransonic Inc. 

Sound waves agitate particles in 

precursor solution. Removes 

dissolved gas and induces 

dissolution of solids into liquids 

Vortex Mixer 
Benchmark 

Scientific Inc. 

Mixes precursor solution (Serial #: 

11112183) 

Sartorius Scale and Hanging 

Basket Apparatus 

Sartorius 

Weighing 

Technology 

Measures weight and density using 

air and heptane weight 

measurements 

Dymax Light Curing Machine 
Dymax Light 

Curing Systems 

400 Watt UV light source for 

crosslinking hydrogels (Serial #: 

3001780) 

Orbital Shaker Plate 
VWR Orbital 

Shaker 

Generates circular shaking motion 

to rinse hydrogel discs in 

centrifuge tubes 

Vacuum Chamber 
Lab-line 

Instruments 

Dries hydrogel discs. Kept at 40°C 

and 90 kPa 
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Figure 2-1: A) Sample photomask setup consisting of 2 glass plates, 2 teflon spacers cut 

to line 3 edges of the plates, and 10 clamps to form a seal. B) A Dymax Light Curing 

machine used to cure hydrogels. C) A size 8 disc cutter with a freshly cut hydrogel disc. 

 

The precursor solution was then sonicated in the ultrasonic bath for 20 minutes and was 

pipetted into the sealed photomask structure, Figure 2-1-A, and immediately set to cure 

in the Dymax Light curing machine, Figure 2-1-B, for 5 minutes at 320-390 nm UV-A at 

either a low intensity range of ~13 mW/cm2 or a higher intensity range of ~33 mW/cm2. 

The resulting, relaxed state, hydrogel film was then removed from the photomask and cut 

into 1.5 cm diameter discs, Figure 2-1-C.  

A Sartorius scale, as seen in Figure 2-2, was used to measure the weight and 

density of hydrogels in air and in heptane. A hanging basket apparatus was used to 

measure the weight of the hydrogel discs in heptane. These weights could then be used to 

determine the polymer volume fraction of the relaxed and swollen hydrogels, which are 

required for the Peppas-Merrill equation. The relaxed state weight and density were taken 

immediately upon cutting the 1.5 cm disc. 
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Figure 2-2:  Sartorius Density Kit with a hanging basket apparatus used for precisely 

measuring weight and density. 

 

The discs were then set to rinse for 10 days in DIH2O on a shaker plate to remove 

unreacted polymers. Each day the DIH2O was emptied and renewed with more DIH2O.  

Upon being rinsed, the hydrogel discs were set to air dry for 2 days and vacuum 

dried for another 7 days at 40°C and 90 kPa until reaching their dry state. Promptly after 

removing the dried discs from the vacuum chamber, the dried state measurements were 

conducted with the same approach as the relaxed state measurements. From the data 

collected of the hydrogel disk weights; the volume fraction in the relaxed state, 𝑣2,𝑟, of 

the discs was then determined, Eq. 2-121. 

 𝑣2,𝑟 =
𝑤𝑎,𝑑 − 𝑤𝑛,𝑑

𝑤𝑎,𝑟 − 𝑤𝑛,𝑟
 Eq. 2-1 
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Where 𝑤𝑎,𝑑 is the hydrogel weight in the dry state in air, 𝑤𝑛,𝑑 is the hydrogel weight in 

the dry state in heptane, 𝑤𝑎,𝑟 is the hydrogel weight in the relaxed state in air, and 𝑤𝑛,𝑟 is 

the hydrogel weight in the relaxed state in heptane. 

2.4 Equilibrium Swelling Studies 

Equilibrium swelling studies on bulk hydrogel discs were conducted as previously 

reported.35 1X PBS was used as the solvent for the swelling studies of the PEGDMA 

hydrogels. Individually, each hydrogel disc was placed in a 50 ml centrifuge tube filled 

with 25 mL of 1X PBS and left to swell on a shaker plate for 48 hours. The hydrogels’ 

weight and density were measured, then left to swell for a subsequent 72 hours and 

measured again to quantify changes. Between hour 48 and 72 no change was observed. 

The polymer volume fraction in the swollen state, 𝑣2,𝑠, Eq. 2-2, and the density values 

were recorded21.  

 𝑣2,𝑠 =
𝑤𝑎,𝑑 − 𝑤ℎ,𝑑

𝑤𝑎,𝑠 − 𝑤ℎ,𝑠
 Eq. 2-2 

Where 𝑤𝑎,𝑑 is the hydrogel weight in the dry state in air, 𝑤ℎ,𝑑 is the hydrogel weight in 

the dry state in heptane, 𝑤𝑎,𝑠 is the hydrogel weight in the swollen state in air, and 𝑤ℎ,𝑠 is 

the hydrogel weight in the swollen state in heptane. The swelling ratio, Q, was then 

determined, Eq. 2-3. 

 𝑄 =
1

𝑣2,𝑠
 Eq. 2-3 

The Peppas-Merrill equation, Eq. 2-4, was then used to find the average molecular 

weight of the polymer chains between two adjacent crosslinks, 𝑀𝑐 .21  
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1

𝑀𝑐
=

2

𝑀𝑛
−

𝑣
𝑉1

(ln (1 − 𝑣2,𝑠)  + 𝑣2,𝑠 + 𝜒1𝑣2,𝑠
2 )

𝑣2,𝑟 ((
𝑣2,𝑠

𝑣2,𝑟
)

1
3

− (
𝑣2,𝑠

2𝑣2,𝑟
))

 

Eq. 2-4 

Where 𝑀𝑛 is the number average MW of the unreacted polymer, v is the specific volume 

of the polymer, V1 is the molar volume of the water, v2,r is the polymer volume fraction in 

the relaxed gel, v2,s is the polymer volume fraction in the swollen state, and 𝜒1, 0.426 for 

PEGDMA, is the free energy mixing parameter of polymer and solvent.12 Through 

substitution, 𝑀𝑐 can be used to determine the average pore size. The mathematical 

expression for pore size can be found by first determining (𝑟0
2)1 2⁄ , the unperturbed end-

to-end distance of the polymer chain between crosslinks, Eq. 2-521. 

 (𝑟0
2)1 2⁄ = 𝑙(𝐶𝑛𝑁)1 2⁄  Eq. 2-5 

Where l is the bond length along the chain in angstroms, 1.47 Å, 𝐶𝑛 is the Flory 

characteristic ratio of the polymer being used, 4 for PEGDMA, and N is the number of 

links per chain, determined by dividing 𝑀𝑐 by the MW of the repeat units, in which case 

PEG is 44. And implemented in Eq. 2-6. 

 𝜉 = 𝛼(𝑟0
2)1 2⁄  Eq. 2-6 

Where 𝛼 is determined by the isotropic swelling of the hydrogel, Eq. 2-7. 

 𝛼 =  (𝑣2,𝑠)
−1 3⁄

 Eq. 2-7 

The final pore size calculation can be determined through the combination and 

substitution of the previously mentioned equations, Eq. 2-8.  
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 𝜉 = 𝑣2,𝑠
−1

3⁄ (
2𝐶𝑛𝑀𝑐

𝑀𝑟
)

1 2⁄

𝑙 Eq. 2-8 

The swelling ratio, densities, molecular weight between crosslinks, and pore size were 

determined for each hydrogel blend, and are presented in the results of Chapter 4. 
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CHAPTER 3 

 

COMPUTATIONAL METHODS 
 

3.1 Creation of the Computational Hydrogel Model 

3.1.1 Model Overview 

The motivation for creating a hydrogel model was to use it to serve as a means of 

understanding the increased surface area-to-volume effects of nanoscale hydrogels and to 

serve as a predictive model for the swelling behavior of a nanoscale hydrogel in water. 

Hydrogels can be complex to model due to the number of variations of polymer 

candidates, functionality of the crosslinks, and how polymers entangle within a network. 

The premise of this thesis was therefore not to model each possible candidate, rather to 

create a model that is able to isolate the size effects on the swelling of a hydrogel while 

maintaining the characteristics of a polymer network.  

The structure and parameters of the hydrogel model are based on hydrogel 

characteristics previously described in the experimental methods section. In brief, 

swelling studies were performed experimentally on bulk neutral poly (ethylene glycol) 

di-methacrylate, PEGDMA, hydrogels, and the resulting hydrogels’ density, swelling 

ratio, pore size, and the molecular weight between crosslinks were measured. The 

inherent parameters of the PEGDMA hydrogels were then implemented into the 
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framework of the computational model, while the outputs were used to validate the 

model.  

Currently, hydrogel properties can be measured only at the bulk/macro scale, not 

at the nanoscale. To address this gap, a scalable model was developed using coarse-

grained dynamics to preserve accuracy over a range of sizes while maintaining the build 

components for valid comparisons to be made. The objective of the model build is to 

swell a hydrogel from its dry state into its fully swollen, equilibrium state, in as realistic 

of a way as possible. The approach to building the model was to initialize a system that 

contained all the factors relevant to the swelling of a hydrogel – polymers, crosslinks, and 

water. From there, a systematic routine was followed that allowed the polymer and 

crosslinks to be built accurately into an energetically favorable hydrogel network. The 

proceeding sections are broken down into the build of the hydrogel network structure, the 

parameterization of the components, the engine and environment used, and the way the 

complete model was built to be used to test the hypothesis that nanoscale hydrogels with 

an increased surface area to volume ratio swell to a greater degree than their bulk 

counterparts. The flow chart in Figure 3-1 summarizes the process of constructing the 

model. MATLAB software was used for the coding, development of the model’s 

structure, and visualization.69 The general-purpose particle simulation toolkit HOOMD 

capable of scaling to thousands of GPUs was used as the engine for the model, though 

only 1 GPU was used for this model.70 VMD, visual molecular dynamics, software was 

used for visualizing the swelling of the hydrogel model.71  
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3.1.2 Hydrogel Structure 

The goal for the model is to represent a homogeneous hydrogel network of 

polymers and crosslinks that considers the random connectivity and topology of 

polymers. The components of the hydrogel model consist of polymer, crosslinks, and 

water molecules. These components are simplified into beads that will later be given an 

identity based on the results of molecular dynamics models of similar polymers 

developed by other research groups.13,42,44,52,53,58,67,72,73 The variables to consider for 

constructing the build are the experimental molecular weight of the polymer, the swollen 

state density, the functionality of the crosslinks, and the average pore size of the given 

hydrogel to be modeled.  

Figure 3-1: Flow chart of the computational hydrogel model progression. 
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The initial step was to determine the number of nodes to place within the 

simulation box. The concentration of polymer/water in experimental studies affects the 

degree of swelling of a hydrogel4,6,23,24,27,34,73–75. For the model this means that the more 

swollen the initial structure is, the higher the final degree of swelling will be. Because of 

this, it is crucial that the initial hydrogel network structure be swollen to the same degree 

for each case to be modeled. In the case of trifunctional PEGDMA, a fully crosslinked 

structure will have three polymer strands for every two nodes. Each polymer strand will 

have 20 repeat monomers of ethylene glycol, meaning there are approximately 30 PEG 

units per DMA node. Therefore, an approximated number of nodes can be determined 

based on the molecular weight of each strand, the target density, and desired size of the 

simulation box. The density can be converted to beads per Å3, Eq. 3-1. 

 (
1.11 𝑔

cm3
) (

𝑚𝑜𝑙

g
) (

6.022 × 1023𝑎𝑡𝑜𝑚𝑠

𝑚𝑜𝑙
) (

cm3

1024Å3
) =

𝑎𝑡𝑜𝑚𝑠

Å3
 Eq. 3-1 

Where the mol/g is determined by the average coarse-grained bead size of PEGDMA, 

and otherwise is straight forward with the number of atoms in a mol and the conversion 

from cm3 to Å3. Once the node density was determined, the beads were randomly spread 

out through the simulation box, as seen in Figure 3-2. 
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Figure 3-2: Randomly generated points in a simulation box. 

 The next step was to find neighbors to be crosslinked. The distance between neighbors 

chosen for this model ranges from 30% to 90% of the fully elongated polymer distance. 

The pore size derived from the average 𝑀𝑐  by the Peppas-Merrill equation comes out to 

be about 30% of the elongated PEGDMA 1000 distance. The farthest neighbors at 90% 

polymer elongation ensured that at least 95% of the network was fully crosslinked 

throughout all model sizes and is reasonable since the structure will still be collapsed. 

Each node was then assigned 3 neighbors prioritizing the nearest distanced nodes 

available within the range of 30% to 90% - once a node is assigned 3 neighbors, it is no 

longer an option to be a chosen to be cross linked with another node. The number of 

neighbors was set to 3 because each polymer end can crosslink to 2 other polymer ends, 

as observed in the reaction in Figure 3-5.  
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Once each node is assigned its neighbor, the polymer path between the nodes is 

generated. The developed code was adapted from the work of Moller Hughes that rotates 

a unit vector into another unit vector.81 The code was adapted to create 3 dimensional 

segments of equal lengths with variable directionality to better mimic the ambiguous 

paths of polymer strands. The segments are alternately generated from one node towards 

its neighbor node and from the neighbor node towards the end of the initial segment. 

Each segment growth is determined by a cone-vector whose center aligns with the 

segment growth from the other node. The radius of the cone’s base is based on the total 

distance between segments, the length of the segments, and the total number of segments 

required, as shown in Figure 3-6.  

 

 

Figure 3-3: The crosslinking of PEGDMA 1000 into a branched network. 

Figure 3-4: Connecting nodes alternately with equal length segments within the radius of 

a cone vector. 
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For instance, if a polymer with 10 repeat units between its crosslink points is desired, the 

process begins with the two neighbor nodes assigned to one another. The distance that 

these nodes are apart is the total displacement the 10 repeat units must cover. The initial 

segments generally have a wider cone radius. This radius then narrows as the total 

distance between nodes approaches a maximum (direct path) to be covered by the 

number of available segments. Once the final two points are placed, a connection is made 

between the two. Despite the algorithm’s flexibility, the distance of paired neighbors 

should be large enough to prevent the segments from intertwining once they meet, but 

close enough that the segments do not form a direct line from node to node. The 

connection process is repeated for each node to its paired neighbors until a fully 

crosslinked network is constructed, Figure 3-7, which can be replicated at different sizes, 

Figure 3-8. Since the growth of segments is semi-random, it is possible for segments to 

leave the box parameters. For the non-periodic case, the box size is enlarged to 

accommodate these segments, and in the periodic case, the segments leave one box end 

and enter the other end through periodic boundary conditions.  

 



 

47 

 

 

Figure 3-5: 4 Nodes with 20-monomers strands making up the polymer connection. 

  

Figure 3-6:  A crosslinked hydrogel containing 40 nodes and 20-monomer repeat 

units between nodes. Each monomer is one unit long, with each axis being in 

dimensionless units.  
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Once the fully crosslinked structure was built, water molecules were generated to 

either surround the hydrogel in the non-periodic case or fill the regions above and below 

the network in the z dimension in the periodic models. The volume of water was between 

2-3 times the volume of the hydrogel structure at a density of 1. 0 g cm3⁄ converted to 

atoms/Å3. 

Two different cases were modeled, a periodic case and a non-periodic case. The 

periodic case models an infinite slab in two dimensions with a finite third dimension 

(thickness), through which water can enter the hydrogel. It does this by using periodic 

boundary conditions, where particles interact with an image of particles on the other side 

of the simulation volume (Figure 3-7). When an object passes through one side of the 

unit cell, it reappears at the opposite side with the same velocity. 

 

Figure 3-7: A diagram exemplifying periodic boundary conditions with particles 

interacting with the periodic image. 
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The box size for periodic boundary conditions in the case of coiled polymers must be 

large enough to prevent periodic interactions such that the head of the polymer is not 

reacting with its own tail within the length of the simulation, which could cause 

unphysical dynamics. The non-periodic case used a simulation volume much larger than 

the hydrogel so that the hydrogel never interacted with itself across that boundary, thus 

modeling a hydrogel which has three nanoscale dimensions versus only one for the 

periodic case. 

3.1.3 Parameterization 

Poly (ethylene glycol) di-methacrylate, PEGDMA, was chosen as the polymer for 

developing the experimental and computational hydrogels. Not only is it a viable polymer 

for drug delivery, as described in the introduction, but PEG  has been extensively 

modeled as a polymer in solution.6,41–45,77 The detailed background of PEG and PEG in 

water, was adequate in contributing to any of the elements required to parameterize this 

model at the coarse-grained level.6,41–45,77 The dimethacrylate terminal, DMA, was 

modeled with the same interactions as PEG and appropriately modified mass and tri-

functionality.  

Many coarse-graining techniques exist, though the most relevant one found for 

this model was based on the Martini force field.40,42,51,67,73,75,76 The Martini force field is 

normally based on a four-to-one mapping which means four heavy atoms are represented 

by a single interaction bead center76. PEGDMA has n EG units with DMA terminals. For 

this model, n is set to 20, to match experimental PEGDMA 1000. Although each PEG 

only has three heavy atoms, it is important to retain the functional group, and therefore a 

three-to-one mapping was used for the PEG repeat units. The PEG bead in this case 
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consists of two carbons, one oxygen and four hydrogens. The Martini force field 

parameter of water maps four H2O molecules to one interaction bead center.1–5 The 

mapping of the crosslinked terminals was three DMA terminals per bead with each DMA 

consisting of four carbons, five hydrogens, and an oxygen, though this mapping was not 

based on literature values.   

The non-bonded interactions comprised of electrostatic forces, hydrogen bonding, 

and van der Waals interactions are considered through the 12-6 Lennard-Jones potential 

as seen in  Eq. 3-2.42,51,59,64,65,73,76  

 
𝑉𝐿𝐽 = 4𝜀 [(

𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

]  

 

Eq. 3-2 

The non-bonded interactions are considered between PEG-PEG, PEG-DMA, DMA-

DMA, PEG-Water, DMA-Water, and Water-Water. Where 𝜎 is the distance where the 

inter-particle potential is zero (considered to be the ideal distance that two non-bonded 

particles can be from one another), 𝜀 is the depth of the potential well (defining the 

strength of the attraction or repulsion), and 𝑟 is the distance between the particles51,59,64,65. 

The literature does not have coarse-graining information for DMA, so the Lennard-Jones 

values for PEG were also used for DMA, with only their masses differing. Since one 

DMA molecule has roughly 30 PEG molecules, it is expected that the values do not 

significantly affect the overall non-bonded interactions. The 𝜎 and 𝜀 values were based 

on literature values of PEG in aqueous media that were obtained by matching the 

distributions from all-atom simulation as seen in Table 3-1 40,42,43,73.  
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  Non-bonded (LJ)   Bonded   

  σ(Å)  ε (kJ/mol) r0 (Å) k (kJ/mol/Å2) 

PEG-PEG 4.15 3.375 3.3 170 

PEG-DMA 4.15 3.375 3.3 170 

DMA-DMA 4.15 3.375     

PEG/DMA-W1 4.7 4     

PEG/DMA-W2 4.7 4     

W1-W1 4.7 5     

W2-W2 5.69 5     

W1-W2 5.69 5    
 

Modeling water under the Martini force field at temperatures between 280 K and 300 K 

has previously  led to freezing, particularly when a solid surface is present76. The freezing 

can be addressed by including anti-freeze water particles to make up about 10% of the 

total number of water molecules. These anti-freeze particles, labeled W2 in Table 3-1, 

are about 21% larger in size, and eliminate the freezing otherwise observed. The freezing 

can be identified visually, where it was observed that the water molecules form a lattice 

structure and do not move freely. A σ of 4.15 Å instead of the documented 4.3 Å was 

chosen for PEG-PEG and PEG-DMA interactions to better portray the increased density 

observed experimentally in the dry state of crosslinked PEGDMA hydrogels. The tested 

values at 4.3 Å led to densities closer to the PEGDMA polymer density (~ 1.10 g/cm3) 

rather than the dry state hydrogel density of PEGDMA 1000 (~1.16 g/cm3). All bonded 

interactions were considered through the harmonic bond potential as seen in Eq. 3-3, 

 𝑉(𝑟) =
1

2
 𝑘(𝑟 − 𝑟0)2 

Eq. 3-3 

Table 3-1: Parameters for bonded and non-bonded interactions for CG PEGDMA 

hydrogel 
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where 𝑘 is the force constant, r is the distance between to bonded particles, and 𝑟0 is the 

bond rest length, as seen in Table 3-1.42,43,47,56,62,63,67,75,79,80  

3.1.4 Engine 

The Molecular Dynamics software used to implement the model in its coarse-

grained format was HOOMD.70,82–91 The process for running the simulation begins with a 

minimization to help relax the system and separate any overlapping particles that may 

result from the non-conventional build routine whose spatial arrangement does not 

represent a physical state. The minimization uses the Fast Inertial Relaxation Engine 

(FIRE) algorithm built into HOOMD, which minimizes a group of particles while 

keeping the other particles frozen, although the frozen particles will still interact with the 

particles being moved.52 The minimization used takes a variably sized timestep, 

depending on the size of the system, and is limited to moving a particle by a maximum of 

0.01 Å at each step. The minimization allows a smooth transition into the dynamics by 

separating overlapping particles that would otherwise hinder the simulation due to a 

particle being forced out of the boundary. Not all minimizations converge to a stable 

geometry; generally the larger systems that contained 500,000 to over 1,000,000 

combined water and polymer beads posed these issues. For these, it was found that 

continuously changing the timestep during the minimization to larger values was an 

efficient method in achieving a conformation capable of continuing to the coarse-grained 

dynamics portion of the simulation. If the energy of the system did not change within the 

first few time steps of the minimization, either the timestep was modified or a new build 

of the hydrogel structure was made. It was found that if the energy of the system is below 
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5 x 108 kJ mol⁄ ,  the NPT (constant number of particles, pressure, and temperature) 

integrator is able to continue and further relax the energy by adjusting the volume.  

The NPT integrator used was the Martyna-Tobias-Klein, MTK, barostat-

thermostat integrator, which allowed for a fully deformable simulation 

box.41,42,44,51,52,56,64,72,73,79 The temperature was set to 293 K and the pressure was set at 1 

atm for in vitro comparisons. The MTK, thermostat feature was given a coupling 

constant, τ, of 0.5 timesteps, and the barostat was given a coupling constant, τP, of 2 

timesteps. The timestep for the NPT integrator of the coarse-grained dynamics was set to 

10 – 50 fs based on accepted literature values.56 The reason for having the range from 10-

50 fs was to better transition from the minimization into the coarse-grained dynamics. 

Once the pressure and temperature of the system stabilized around the desired 1 atm and 

293K, the timestep was set to 50 fs. Each simulation was run until the energy stabilized 

and there was no longer any swelling of the hydrogel.  

3.1.5 Computational Model  

The computational hydrogel models were built into 5 periodic and 5 non-periodic 

boundary builds. The periodic hydrogels are representative of infinitely long slabs with a 

variable thickness. The non-periodic hydrogels are of variable volume but are 

representative of their given dimensions. The hydrogels were built to be representative of 

the relaxed state density (polymer/volume), and were “dried” to their condensed state. 

The hydrogels were then labeled based on the thickness of the periodic hydrogels or the 

diameter of the non-periodic hydrogels. Table 3-2 contains the dry state periodic 

hydrogel model builds and Table 3-3 contains the dry state non-periodic hydrogel model 

builds. 
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The hydrogels were then swelled in water based on the previously mentioned coarse-

grained parameters. The characteristics of the swollen state hydrogel models are reported 

in CHAPTER 4.  

Table 3-2: Dry state measurements in angstroms of the periodic model hydrogels 

including average distance between crosslinks, width, and thickness in angstroms. 

Dry State 
Distance b/w crosslinks (Å) Width (Å) Thickness (Å) Polymers 

Periodic 1 25.7 ± 8.8 38 107 100 

Periodic 2 26.1 ± 8.7 128 168 1150 

Periodic 3 26.2 ± 8.6 84 174 775 

Periodic 4 25.2 ± 8.4 138 210 1750 

Periodic 5 25.2 ± 8.5 86 240 2600 

 

Table 3-3:  Dry state measurements in angstroms of the non-periodic hydrogels 

including average distance between crosslinks and diameter in angstroms 

Dry State Distance b/w crosslinks (Å) Diameter (Å) Polymers 

Non-periodic 1 22.8 ± 8.2 66 100 

Non-periodic 2 24.9 ± 8.1 129 775 

Non-periodic 3 25.3 ± 8.1 192 2600 

Non-periodic 4 25.3 ± 8.4 254 6200 

Non-periodic 5 26.2 ± 8.0 300 12400 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 
 

4.1 Experimental Results and Discussion 

The objective of this thesis was to provide a better evaluation of micro- and 

nanoscale hydrogel swelling where size effects and surface area have a more pivotal role 

in the overall degree of swelling of hydrogels as was previously reported.35 Data were 

collected from experimental swelling studies of bulk PEGDMA hydrogels to build a 

computational hydrogel model that could then be replicated for different hydrogel sizes. 

The results from the experimental swelling studies are reported and discussed, followed 

by an evaluation of the computational hydrogel model. The experimental results are 

presented with standard deviation error bars for sample sizes of 10. The bar graphs with 

errors bars overlapping are not statistically different according to a t-test analysis. 

4.1.1 Experimental Aims 

The aims of this thesis were to synthesize commonly used PEG-based hydrogels, 

characterize the resulting hydrogels swelling behavior, and use the data collected along 

with available resources to both build and validate a PEGDMA 1000 hydrogel 

computational model built to be representative of the experimental 25% wt. PEGDMA 

1000 hydrogel. As described in CHAPTER 2, hydrogels with the same monomer repeat 
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unit, PEG, and crosslinker, DMA, were developed with a variation of factors that have an 

effect over the resulting hydrogel network. The variables were the percent by weight of 

polymer to water, the MW of PEGDMA, and the UV intensity, whose effects were then 

evaluated through equilibrium and dynamic swelling studies.25,30,33,35 The effect of these 

factors on the resulting molecular weight between crosslinks (𝑀𝑐), pore size, and 

swelling ratio of hydrogels have been long understood, and did not lead to any surprising 

results.18,19,21,29,31,34,35,92 Based on well-established studies, assuming all other factors are 

constant in a neutral hydrogel, the following can be assumed:  

a) If the % polymer of the hydrogel is held constant; the longer the polymer chains 

(attributed to larger MW in this case), the greater the pore size and 𝑀𝑐 are, and the 

greater the degree of swelling is.32,35,45  

b) If the MW of polymer used is held constant then the lower the percent by weight 

of polymer to water, the greater the pore size and Mc are, and the greater the 

degree of swelling is.33,35,38,58  

The curing time and UV intensity required to crosslink PEGDMA are flexible based on 

the precursor solution compositions and hydrogel size, but crosslinking density may vary 

if the crosslinking reaction is not done to completion.32,93   

Despite knowing the influence these factors have on the hydrogel matrix, the 

process of developing, characterizing, and analyzing the hydrogels did provide important 

insight on both creating and validating the computational hydrogel model. The UV 

intensity was tested at low intensities near 13 mW/cm2 and at high intensities near 33 

mW/cm2 for 5 minutes with the for 2 mm thick hydrogel films. The characterized 

properties of the resulting hydrogels were confirmed to not be statistically different at 
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these intensities, with a p-value from t-tests being below 0.05, and therefore will not be 

presented separately in the results. Although these results were expected, this 

confirmation helped ensure that the crosslinking method did not add any ambiguity in the 

comparison of the results to follow. 

4.1.2 Swelling Study Results 

The swelling studies were performed to determine and compare the differences in 

the change in volume, the matrix structure, in the form of Mc and pore size, and the 

change in dry, relaxed, and swollen density of the different blends of PEGDMA 

hydrogels. The in air and in heptane weight measurements of the dry state, relaxed state, 

and swollen state hydrogels were obtained using the Sartorius density kit with an 

accuracy of up to 0.01 mg. These values were then used to determine the density and 

volume of the hydrogels and implemented into the Peppas-Merrill equation to determine 

the average Mc and pore size. The reported density by Sigma Aldrich for PEGDMA 750 

polymer is 1.11 g/cm3 and 1.10 g/cm3 for PEGDMA 1000 as reported by Polysciences 

Inc. The hydrogels’ relaxed state, dry state, and swollen state density were calculated and 

are summarized in Table 4-1.  

Table 4-1: The resulting densities of 10 samplesof 25%, 30%, and 50% wt. solutions of 

PEGDMA with molecular weights of 750 and 1000 (± standard deviation) .  

MW 
PEGDMA 

% 
polymer 

Relaxed density 
(g/cm3) 

Swollen density 
(g/cm3) 

Dry density 
(g/cm3) 

 25 1.07 ± 0.001 1.06 ± 0.003 1.18 ± 0.008 

750 30 1.08 ± 0.003 1.07 ± 0.004 1.18 ± 0.003 
 50 1.12 ± 0.003 1.1 ± 0.003 1.18 ± 0.004 
 25 1.06 ± 0.003 1.05 ± 0.002 1.16 ± 0.004 

1000 30 1.07 ± 0.001 1.06 ± 0.002 1.16 ± 0.007 
 50 1.11 ± 0.001 1.08 ± 0.002 1.16 ± 0.002 
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The densities of the dry state hydrogels were higher than the densities of the neat 

PEGDMA polymers reported by Sigma Aldrich and Polysciences Inc. for both molecular 

weights of 750 and 1000 with t-test p-values < 0.05. The density of the hydrogels in the 

dry state was attributed to the molecular weight of the polymer, regardless of the 

percentage weight of polymer to water of the initial hydrogel solution, Figure 4-1.  

 

Figure 4-1: Density of the dry and swollen state of PEGDMA 750 and PEGDMA 

1000 hydrogels at 25%, 30%, and 50% polymer weight to volume. The matching 

letters ‘a’,’b, and ‘c’ signify statistical difference from student t-test with p-values 

below 0.05, where n=10. 

 

Unlike the dry state densities, the swollen state densities differed based on the molecular 

weight and percent by weight of polymer by weight. In the swollen state, density tends to 

increase, with both 750 and 1000 molecular weight hydrogels, as the percent polymer 

increases. This increase is expected since the denser precursor solution would lead to a 

denser hydrogel.  
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The calculated molecular weight between crosslinks, Mc, and the pore size, ξ, 

followed the expected trend, with statistical significance, that the larger the MW and the 

lower the percent polymer, the greater the 𝑀𝑐  and pore size (Figure 4-2 and Figure 4-3). 

 

 

Figure 4-2: Average molecular weight between crosslinks of PEGDMA 750 

hydrogels and PEGDMA 1000 hydrogels of 25%, 30%, and 50% weight of polymer 

to volume composition. The matching letter ‘a’ signifies statistical difference from 

student t-test with p-values below 0.05, where n=10. 
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The volumetric swelling ratio of a hydrogel measures the degree of change from the dry 

state to the swollen state. The 25% PEGDMA blends of 750 and 1000 MW led to p-value 

above 0.05.  For all other cases, tests were statistically significant (p > 0.05) that for each 

respective percent polymer larger PEGDMA strand molecular weight corresponds to 

larger swelling ratio, and lower PEGDMA hydrogel percent polymer for each respective 

molecular weight corresponds to larger the swelling ratio (Figure 4-5).  
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Figure 4-3: The average pore size of different blends of PEGDMA hydrogels with 

respect to molecular weight and percent by weight of polymer to water. The matching 

letter a signifies statistical difference from student t-test with p-values below 0.05, 

where n=10. 
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The rate of swelling for each hydrogel blend was tested through dynamic swelling 

studies, which were done in neutral PBS buffer solution over 100 minutes since 

PEGDMA hydrogels are not ionic hydrogels. The rate of change is sharpest as the dry 

PEGDMA hydrogels are initially placed in the solution and remain relatively stagnant 

after the one-hour mark, as seen in Figure 4-5.   
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Figure 4-4: The volumetric swelling ratio of swollen to dry PEGDMA hydrogel 

blends.  Match letters ‘a and b’ signify statistical difference from student t-test with p-

values > 0.05, where n=10. 
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The dynamic swelling studies proceeded as expected and matched the trends of the 

equilibrium swelling studies and the expected trends from previous reports.25,35,40,41 The 

graph reveals how most of the swelling occurs in the first 20 minutes of the dry hydrogel 

being in solvent.  

Overall, the experimental work contributed to the computational hydrogel model 

in two ways, the design and the validation of the model. The design of the computational 

hydrogel model was intended to isolate the effects of size and surface area on swelling, 

meaning all other contributing factors would need to be isolated. For this thesis, a 

computational hydrogel model representative of the 25% wt. PEGDMA 1000 hydrogels 

was developed. The validity of the computational hydrogel model could be tested with 
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Figure 4-5: Dynamic swelling of different blends of PEGDMA hydrogels from their 

dry state to their equilibrium state in pH 7.4 PBS average values from n= 10 are 

plotted with stand deviation error bars with p-values < 0.05. 
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the experimental dry state density and the swelling ratio of the 25% wt. PEGDMA 1000 

hydrogels.  

4.2 Computational Results and Discussion 

4.2.1 Computational Design 

The computational models were built in MATLAB, simulated in HOOMD, 

visualized in VMD, and analyzed with MATLAB. The goal of the computational models 

was to examine the differences in swelling observed in variably sized hydrogels in the 

nanometer range. Two types of hydrogel models were created as described in Chapter 2, 

periodic hydrogels, representative of infinite slabs with variable thickness, and non-

periodic hydrogels of specified dimensions. As stated in the creation of the model, each 

hydrogel was built in an expanded, “relaxed state” cube shape without water within the 

hydrogel structure, Figure 4-6.  



 

64 

 

 

Figure 4-6:  Expanded state of hydrogel before compressing it into the dry state. 

 

From the relaxed state, the hydrogel models were compressed into the dry state, as done 

experimentally, by making the water-polymer interactions repulsive and only allowing 

the attraction between water-water and polymer-polymer. Although each initial build of 

the hydrogel was expanded to fit a cube, the hydrogels with the periodic build conditions 

compressed into slabs in their dry state. On the other hand, the non-periodic hydrogels 

compressed into spheres from their cube-expanded form. The compressed dry state was 

then used as the starting point of the swelling simulation. Water particles entered the 

periodic hydrogel builds from the ±z axes, Figure 4-7. 
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Figure 4-7:  Dry (A) and swollen (B) state of a periodic hydrogel with water coming in 

from only the z dimensions. Dry (C) and swollen (D) state of a non-periodic hydrogel 

with water coming in from all interfaces. Red is poly(ethylene glycol), green is di-

methacrylate crosslinks, and cyan is water.  

 

Within both types of hydrogels, non-periodic and periodic, a subset of sizes and 

thicknesses were made to examine the effects of size and surface area on hydrogel 

swelling. Ten total hydrogel builds were created, five periodic hydrogel builds and five 
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non-periodic hydrogel builds. Table 4-3 presents the periodic hydrogels arranged by 

increasing thickness. 

 

Table 4-4 presents the dry state values of the non-periodic hydrogels, arranged by 

increasing volume. 

 

The 2-dimensional size comparisons of the non-periodic hydrogels and periodic 

hydrogels can be observed in Figure 4-9 and Figure 4-10. 

Table 4-2:  Dry state measurements in angstroms of the periodic hydrogels 

including number of polymers, average distance between crosslinks, volume, width, 

and height. 

Dry State Distance b/w crosslinks (Å) Width (Å) Thickness (Å) Polymers 

Periodic 1 25.7 ± 8.8 38 107 100 

Periodic 2 26.1 ± 8.7 128 168 1150 

Periodic 3 26.2 ± 8.6 84 174 775 

Periodic 4 25.2 ± 8.4 138 210 1750 

Periodic 5 25.2 ± 8.5 86 240 2600 
 

Table 4-3:  Dry state measurements in angstroms of the non-periodic hydrogels 

including average distance between crosslinks, width, and height in angstroms. 

Dry State Distance b/w crosslinks (Å) Diameter (Å) Polymers 

Non-periodic 1 22.8 ± 8.2 66 100 

Non-periodic 2 24.9 ± 8.1 129 775 

Non-periodic 3 25.3 ± 8.1 192 2600 

Non-periodic 4 25.3 ± 8.4 254 6200 

Non-periodic 5 26.2 ± 8.0 300 12400 
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Figure 4-8:   Size comparisons by radii lengths of the 5 non-periodic hydrogel builds. 

 
Figure 4-9:  Size comparisons by thickness (nm) of the 5 periodic hydrogel infinite 

slabs. 
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The parameters used for representing the coarse grained hydrogel models in 

HOOMD were based on values for poly(ethylene glycol) in water, however, these 

parameters had not been used to study the size effects on hydrogel swelling.15,40,42–

44,51,52,55–57,59,61,63,67,72,73,75,76,76 In order to confirm the model was representative of a 

PEGDMA 1000 hydrogel, the density of the dry state were measured and compared 

against experimental values. For the non-periodic case, the hydrogel model was divided 

into spherical shells whose surface were 10 Å apart (e.g. center-10, 10-20, 20-30, 30-

surface). The volume of each shell was calculated and the number of polymer beads 

within each shell was used to determine the density of the shell. For the periodic case, the 

hydrogel model was divided into layers (xy slices) from the center layer, to determine 

density based on the distance from the center layer. Slices were made from the center to 

the top and from the center to the bottom. The volume and density of polymer were 

summed for the mirrored layers (e.g. 0 to 10 was summed with -10 to 0, 10 to 20 with -20 

to -10) to measure a true density based on distance from the center. The density gradient 

from the center to the surface of the non-periodic and periodic hydrogels were calculated 

in MATLAB and can be seen in Figure 4-10 and Figure 4-11.  
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Figure 4-10:  The dry state density of periodic hydrogel models from the center layer 

to the outside layer. Also effectively portraying half the thickness of the periodic 

hydrogel sample. 

 

Figure 4-11:  The dry state density of non-periodic hydrogel models from the center 

to the outside layer. Also portraying the radii of the given “spherical” non-periodic 

hydrogel models. 
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The core density, defined as the region with stagnant density, of the dry state of both 

periodic and non-periodic hydrogels fluctuated between 1.14 g/cm3 and 1.17 g/cm3 for all 

the samples measured between 10 Å and 40 Å from the center, which is near the desired 

1.16 g/cm3 for all the periodic and non-periodic samples. For the non-periodic hydrogel 

models, the distance from the center was taken radially, and for the periodic hydrogel 

models, the distances were taken from the center to the top and bottom layers since the x 

and y dimensions were not surfaces. The values obtained were in the range of the 

calculated experimental density of the PEGDMA 1000 hydrogels, and all sizes 

equilibrated at about the same target density, which was observed experimentally as well 

for all the PEGDMA 1000 hydrogel blends. The fluctuation in density per shell is 

expected since each shell is either 10 Å thick for non-periodic models or 20 Å thick for 

periodic models. Time was not directly measured for these studies.  Instead, each model 

was run to completion, which was determined by no change in the density gradient. 

However, for future use of the model, more timesteps were required for larger 

simulations containing more polymer strands and water molecules. For reference, the 

largest hydrogel model contained over 12,000 polymers and took over 150 million, with 

5 fs time steps to fully swell and equilibrate. 

The overall swelling ratio was measured for each sample through a direct volume 

calculation and through an indirect approach by dividing the core dry state density by the 

core swollen state density. The volume calculations are more precise for the dry state 

hydrogel models since the swollen state hydrogel models contain dangling polymer 

strands at the surface that skew the volume calculation. The distance between crosslinks, 
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volume, density, width, and height were then measured and averaged for the swollen state 

hydrogels, Table 4-4. 

 

The ratio change of the swollen state to the dry state was then calculated (Table 4-5).  

 

Table 4-4:  Swollen state periodic and non-periodic hydrogel measurements containing the 

distance between crosslinks, core density, width, and height. 

Swollen Distance b/w crosslinks 

(Å) 

Density 

(g/cm3) 

Width 

(Å) 

Height 

(Å) 

Periodic 1 31.87 ± 7.9 0.31 80 112 

Periodic 2 32.3 ± 7.9 0.3 232 212 

Periodic 3 32.5 ± 8.0 0.28 158 203 

Periodic 4 31.8 ± 8.1 0.32 232 276 

Periodic 5 32.7 ± 8.0 0.25 158 286 

Non-Periodic 1 29.6 ± 7.5 0.2641 104 112 

Non-Periodic 2 31.6 ± 8.1 0.2664 200 235 

Non-Periodic 3 31.9 ± 7.9 0.2865 302 300 

Non-Periodic 4 32.5 ± 7.8 0.2912 414 403 

Non-Periodic 5 31.8 ± 7.9 0.299 538 520 
 

Table 4-5:  The swollen state to dry state ratio change measurements of the periodic and non-

periodic computational hydrogel models. The change in width, height, distance between 

crosslinks, volume (Q), and volume based on change in core density were calculated. 

  

Change in 

width 

Change 

in height 

Change in distance 

b/w crosslinks Q 

Density 

based Q 

Periodic 1 2.11 1.05 1.24 3.92 3.69 

Periodic 2 1.81 1.26 1.24 3.98 3.79 

Periodic 3 1.88 1.17 1.24 4.42 4.07 

Periodic 4 1.68 1.31 1.26 3.25 3.54 

Periodic 5 1.84 1.19 1.30 4.81 4.61 

Non-Periodic 1 1.58 1.67 1.30 5.55 4.44 

Non-Periodic 2 1.55 1.87 1.27 4.68 4.33 

Non-Periodic 3 1.57 1.57 1.26 4.14 4.10 

Non-Periodic 4 1.68 1.15 1.28 4.55 3.99 

Non-Periodic 5 2.41 1.40 1.27 4.17 3.92 
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The periodic hydrogels, and for the two largest non-periodic hydrogels swell to a greater 

extent in the width than in height. The anisotropic swelling can be mostly attributed to 

artifacts of the build routine that create the hydrogel in a cube shape, meaning the final 

shape of the swollen hydrogel would swell to the same shape. Otherwise, it would be 

expected thermodynamically that the final state be spherical.  

The effects of size on swelling were further investigated by plotting the density 

gradient of polymer of the swollen hydrogel models, Figure 4-12. 

 

Figure 4-12:  The swollen state density gradient of periodic and non-periodic 

hydrogel models from the center to the outside. 

 

Each hydrogel model has a core density between 0.32 g/cm3 and 0.43 g/cm3, and a 

diminishing density towards the edges of the hydrogel models. The periodic hydrogels 

with only two interfaces with water have a gradient surface of ~5 nm as opposed to a ~7 

nm gradient for the non-periodic hydrogels. The core volume change can be measured by 
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dividing the core density of the dry state by the core density of the swollen state. 

Although the swollen state core density of polymer for all the hydrogel model sizes and 

types is nearly the same, further investigation into the edges led to promising size effect 

conclusions. The density can be described by two distinct regions: 1) the core, where 

density is roughly constant and equal for all cases, and 2) the surface, where density 

decreases from the core density to zero. For bulk samples, the surface comprises a very 

small fraction of the overall volume, but for nanoscale samples the surface region makes 

up a significant portion of the volume. These effects were then quantified based on the 

measured gradient length. For the quantification, the non-periodic hydrogels are 

considered as spheres and the periodic hydrogels are considered as cuboids, since the dry 

states of these builds are spheres and cuboids respectively. The gradient density of the 

hydrogels is considered from where the surface density is 0.10 g/cm3 to the point at which 

the core density is 0.35 g/cm3. The range was estimated to be around 40-60 angstroms 

from the surface of the non-periodic hydrogels’ radii of the non-periodic hydrogels’ radii 

(Figure 4-13). 
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Figure 4-13:  The surface density gradient of the 5 non-periodic hydrogel builds. 

 

 The range from the surface of the periodic hydrogel was between 40-50 angstroms, 

Figure 4-14. 

 

  
Figure 4-14: The surface density gradient of the 5 periodic hydrogel builds. 

 

 The surface effects for the non-periodic hydrogels is accounted for across the 
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entire surface, and only two surfaces for the periodic hydrogels. Although these surface 

volumes increase with an increase in overall size of the hydrogel, the surface area to 

volume ratio decreases. 

After a series of calculations, the surface volume can be related to the overall 

swelling ratio of the nanoscale hydrogels to make a predictive curve based on the non-

periodic and periodic computational model results. The overall swelling ratio, Q, was 

determined by taking the weighted average of the bulk swelling ratio and the surface 

layer swelling ratio. Q can be determined by taking the ratio of the dry state density to the 

swollen state density, Eq. 4-1. 
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𝑄 =

dry state density

swollen state density
 

Eq. 4-1 

 

A surface Q was determined by substituting the dry state density of 1.16 g/cm3 and the 

average swollen density of the surface layer, using the average of the density values from 

Figure 4-13 and Figure 4-14 respectively. The bulk Q was determined by substituting 

the dry state density of 1.16 g/cm3 and the bulk swollen density of 0.35 g/cm3. The total 

volume for the periodic hydrogels was considered for a cuboid with a known length, 

width, and height, and total volume for the non-periodic hydrogels was considered for a 

sphere with a known radius. The surface layer volume (𝑉𝑆𝐿) for the non-periodic 

hydrogels was estimated based on the 5-7 nm surface layer, Eq. 4-2. 

 Non − periodic 𝑉𝑆𝐿 = (
4

3
𝜋𝑟3) − (

4

3
𝜋(𝑟 − 𝑙Surface)3) 

Eq. 4-2 

 

Where r is the radius of the non-periodic hydrogel and 𝑙𝑆𝑢𝑟𝑓𝑎𝑐𝑒 is the length of the 

surface layer. The surface layer volume (𝑉𝑆𝐿) of the periodic hydrogels was estimated 

based on the 5 nm surface layer, Eq. 4-3. 

 Periodic 𝑉𝑆𝐿 = 2 𝑙 𝑤 ℎSurface 
Eq. 4-3 

Where l is the length, w is the width, and ℎSurface is the surface height. Once the surface 

volumes were determined, Eq. 4-4 was used to estimate QTotal for the model hydrogels,  

 𝑄Total = (QSurface ×
𝑉𝑆𝐿

𝑉𝑇𝑜𝑡𝑎𝑙
) + ( 𝑄Bulk  × (1 −

𝑉𝑆𝐿

𝑉Total
)) 

Eq. 4-4 

Where 𝑉𝑆𝐿 is the surface layer volume and 𝑉Total is the total volume of the hydrogel. 
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A curve was then made to fit both the periodic and non-periodic hydrogel models 

to capture how size affects the overall swelling ratio of hydrogels, based on the previous 

calculations.  

   
Figure 4-15:  The predicted swelling ratio of nanoscale hydrogels based on the 

weighted density gradient of the non-periodic computational hydrogel models. The 

gradient distance is averaged to be around 5-7 nm from the surface. The blue line 

represents the predicted swelling ratio of 25% PEGDMA 1000 nanoscale hydrogels of 

given radii. The orange line represents the average swelling ratio of the “bulk” 

experimental 25% PEGDMA 1000 hydrogels. 
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Figure 4-16:  The predicted swelling ratio of nanoscale hydrogel slabs based on the 

weighted density gradient of the periodic computational hydrogel models. The 

gradient range is averaged around 5 nm from the surface. The blue line represents the 

predicted swelling ratio of 25% PEGDMA 1000 hydrogel slabs of given thicknesses. 

The orange line represents the average swelling ratio of the “bulk” experimental 25% 

PEGDMA 1000 hydrogels. 

 

As observed in Figure 4-15 and Figure 4-16, the density gradient at the surface 

of nanoscale hydrogels will influence the overall swelling ratio. The flat line at the 

beginning of both curves is representative of the volumes in which the surface layer 

volume constitutes the total volume. These surface effects can account for up to a 30-

40% increase in overall swelling ratio for hydrogels with a thickness between 0-10 nm 

and are still dominant into the length scale of 100 nm (50 nm radius), contributing to a 

10% increase in swelling.  

Two main deductions can be made on the surface effects observed. 1) The 

swelling at the surface of hydrogels is larger than at the core. This implies that the pore 
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swelling ratio of the hydrogel.  These deductions can then be translated to their effects on 

drug delivery. Deduction 1 relates to the size of the drug for loading and release and the 

rate of drug release, which need to be evaluated differently in the nanoscale based on the 

model. Deduction 2 relates to the overall size of the hydrogel. In drug delivery, there is a 

size range between 80-200 nm that should be considered for optimizing drug distribution, 

toxicity, and targeting ability.  

The hydrogel model was analyzed against itself, experimental bulk hydrogel 

swelling studies, and nanoscale hydrogel swelling studies by Caldorera-Moore et al. 

Before considering the analysis, the limitations and differences between the model and 

experimental work must be addressed. In the model, the hydrogel was able to crosslink at 

a 95% or greater success rate, the distribution of crosslinks and polymer paths are 

generated computationally, and the initial polymer concentration may not reflect the same 

experimental density. Most crucial to the comparison of experimental and computational 

hydrogel swelling is in the fact that the percent polymer to water of the precursor 

hydrogel solution will strongly affect the swelling capability of the hydrogel. Despite 

knowing the concentration of polymer in the precursor solution, once the precursor 

solution is cured into a hydrogel, potentially unreacted polymer, or a surplus or deficit of 

water, would change the initial concentration of the hydrogel. The initial concentration 

affects the swelling capability of the hydrogel, which leaves ambiguity in replicating the 

process computationally. The hydrogel models in this work were also only modeling 

PEGDMA 1000 to be representative of the 25%-30% hydrogel blends, meaning that an 

increase or decrease in either the molecular weight or % by weight of polymer to water 

may affect the swelling curve, however, the same trend would be expected, possibly at a 
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higher or lower magnitude. 

The experimental values of the bulk PEGDMA hydrogels were useful in 

confirming the validity of the model. The experimental dry state density of all PEGDMA 

1000 hydrogels was around 1.16 g/cm3 regardless of the % by weight of polymer to 

water. The density was achieved in the computational models through the “drying” phase 

of the molecular dynamics meaning the coarse-grained parameters correctly portrayed the 

PEGDMA polymers. The accuracy of the model was also investigated by comparing the 

swelling ratios of the experimental 25% wt. and 30% wt. PEGDMA 1000 hydrogels to 

the computational swelling. Based on the average change in volume (excluding the 

surfaces), the computational model swelled between the range of the 25% wt. and 30% 

wt. PEGDMA 1000 hydrogels’ swelling ratios (Q) of (3.6 – 4.3). Although the 

computational model was to be more representative of the 25% wt. PEGDMA 1000 

hydrogel swelling, the increased degree of crosslinking in the computational model 

probably causes the discrepancy since increased crosslinking would increase the elastic 

constraints and therefore the hydrogel would swell less. 

The results from the model, coincide well with the observations by Caldorera- 

Moore et al. that hydrogels with all dimensions in the 100 nm size range swell 

significantly more than their bulk counterparts.35 For this study, 33% by volume 

poly(ethylene glycol) diacrylate, PEGDA, hydrogels were fabricated at relaxed state sizes 

of 100x100x100 nm, 400x100x100 nm, and 800x100x100 nm (length, width, height) and 

imaged with AFM and scanning electron microscopy (SEM) with wet cells. The length 

swelling was roughly 20% larger for the hydrogel with an initial length of 100 nm in 

comparison to the bulk (~1.4/1.14). The 100x100x100 nm hydrogel would be most 

comparable to the non- periodic hydrogel curve at a radius of 50 nm, though the model at 
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a radius of 50 nm would have a smaller surface area to volume ratio. When considering 

the differences of the experimental setup of the hydrogels fabricated by Caldorera-Moore 

et al. and the computational hydrogel model, the overall trends of increased swelling in 

the smaller dimensions correlate well. 

The hypothesis that nanoscale hydrogels with an increased surface area to volume 

ratio swell to a greater extent than their bulk counterparts was confirmed with the 

computational hydrogel model. The relation was made between the degree of swelling 

experienced by the surface layer and the ratio of the surface layer to the total volume of 

the hydrogel. The extent of the overall swelling ratio difference between nanoscale 

hydrogels and their bulk counterparts is determined by the length scale of the hydrogel 

surfaces in contact with the solvent.  
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE WORK 
 

5.1 Discussion 

The objective of this thesis was to investigate the effects of size and surface area 

to volume ratio on the swelling of nanoscale hydrogels in comparison to their bulk 

counterparts. One of the most widely used characterization methods of hydrogels is 

swelling studies, which can be used in conjunction with the Peppas-Merrill equation to 

determine the hydrogel structure. The Peppas-Merrill equation uses theory of mixing and 

elasticity to predict the average molecular weight between crosslinks and pore size of 

neutral hydrogels. The motivation for creating this computational hydrogel model was to 

investigate the effects of increased surface area to volume ratio in nanoscale hydrogels as 

well as the validity of using the Peppas-Merrill equation to characterize nanoscale 

hydrogels. The approach for this thesis was to 1) synthesize PEGDMA hydrogels, 2) 

conduct swelling studies with the PEGDMA hydrogels, 3) use experimental data and 

coarse-grained parameters to develop a hydrogel model, 4) validate the hydrogel model, 

5) analyze the effects of size and surface area to volume ratio on swelling. 

 In this work, the dominating surface effects of nanoscale hydrogels were 

investigated by creating a computational hydrogel model capable of simulating the 

swelling of hydrogel networks in water between the length scales of 5-50 nm. For the 

experimental portion, swelling studies were conducted on PEGDMA 750 and 1000 MW 
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hydrogels, which were characterized by their density, molecular weight between 

crosslinks, pore size, and swelling ratio. A coarse-grained computational PEGDMA 

hydrogel model representative of the 25%-30% wt. of polymer to water of PEGDMA 

1000 hydrogels that could be scaled to different sizes were then developed. Periodic (1 

dimension in the nanoscale) and non-periodic (3 dimensions in the nanoscale) hydrogel 

builds were made between 5 and 50 nm to investigate both size and surface area to 

volume ratio effect on swelling. By keeping all factors (MW, build routine, initial 

density, coarse grained parameters) the same and only scaling size, we isolated the size 

effects. The accuracy of the model was confirmed by comparing the experimental 

swelling ratios, 𝑄, of the 25% and 30% PEGDMA 1000 hydrogels to the computational 

models’ core swelling ratio, which fell between the two. The dry state density of the 

experimental 25% PEGDMA 1000 matched well with the computational model, which 

also helped to confirm the accuracy of the coarse-grained parameters of the bonded and 

non-bonded polymers. 

The computational hydrogel model was then used to investigate how size affects 

the swelling ratio. It was observed that the surface layer volume of hydrogels does not 

have the same density as the core volume of the hydrogel, rather, a density gradient 

roughly 4-7 nm thick exists near the surface. For bulk hydrogels, the surface effects can 

be neglected since the gradient persists for less than ~7 nm from the surface. However, 

for nanoscale hydrogels (0 - 200 nm diameter), this surface layer can allow for up to 

roughly 40% increased swelling. The comparison between the periodic and non-periodic 

hydrogel builds was used to measure the significance of the surface area to volume ratio. 

At equilibrium, the surface layer in contact with water is what contributes most to the 
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increased swelling in nanoscale hydrogels. The more surface exposed to water, the 

greater the total swelling of the nanoscale hydrogels. The swollen core density remains 

relatively constant among all the hydrogel builds at equilibrium. 

5.2 Conclusion 

Ultimately, the computational hydrogel model was successful in representing a 

25%-30% PEGDMA 1000 hydrogel. The model confirmed the hypothesis that nanoscale 

hydrogels swell to a greater extent than their bulk counterparts. The gradient density 

observed at the surface is what causes the increased swelling observed in nanoscale 

hydrogels. As the size decreases into the nanoscale, the surface area to volume ratio 

increases, and the more prominent the surface area to volume ratio, the greater the overall 

swelling of the hydrogel. The implications of the surface differences may also be of 

importance for bulk hydrogel studies and uses. Based on the findings of this model, the 

Peppas-Merrill equation, though useful for determining bulk characteristics, it is not an 

effective way of determining the average pore size of nanoscale hydrogels. Being that 

pore size is related to density, it is expected that the average pore size on the surface layer 

volume is different than the average pore size of the core volume. With the increase in 

surface pore size, the rate of diffusion out of the nanoscale hydrogel network and the size 

of drug therapeutics being loaded into the nanoscale hydrogel network must be 

considered differently than for their bulk counterparts.  

5.3 Future Work 

The objective of this thesis was to provide an alternative method for 

characterizing nanoscale hydrogels, to better understand the role of size on the swelling 

of hydrogels. Despite the intended use for this computational model, the computational 
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model itself is not limited to being used to study size effects on swelling. The model itself 

can be broken down into the build components and the representation of the components. 

With minor modifications on the build side, the polymer network can consist of different 

molecular weight polymers, node functionality, % polymer, and sizes. On the coarse-

graining side, the type of polymer and network contents can be modified to address other 

areas of interest in hydrogel modeling, even to the extent of modeling a drug and 

simulating its release from the hydrogel network for predictive use of drug diffusion.  

As presented in the results, the model can be analyzed to determine the average 

distance between chemical crosslinks. The Peppas-Merrill equation currently uses 

swelling study information and theory to determine an estimated Mc and pore size for a 

given hydrogel sample. With the design of a better analysis tool that considers physical 

entanglements, these features could be known for the hydrogel model based on the 

molecular dynamics rather than thermodynamic and elastic theory. 

The hydrogel computational model as a whole was able to accomplish the goal of 

this thesis. In the process of creating an extensive hydrogel model that isolates the effects 

size has on hydrogel swelling, a model capable of investigating the effects of using 

higher or lower molecular weight polymers, lesser or greater functionality of the 

crosslinker, percent crosslinking, % polymer to volume, and size on swelling was created. 

With the numerous variations of hydrogels based on polymer type, molecular weight, 

concentration, functionality, size, etc., it is possible to construct these hydrogels 

computationally and predict how the swelling will occur. The hydrogel networks could 

be created and analyzed without the cost, equipment, or experimentalists’ time, with 

desirably a high degree of accuracy.  
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