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Computational study of DNA-crosslinked 

hydrogel formation for drug delivery applications  
Abstract 

In this paper, we present the results of discontinuous molecular dynamics (DMD) simulations 

aimed at understanding the formation of DNA-mediated hydrogels and assessing their drug 

loading ability. Poly(ethyleneglycol) (PEG) precursors of 4 and 6 arms that are covalently 

functionalized on all ends with oligonucleotides are crosslinked by a single oligonucleotide 

whose sequence is complementary to the oligonucleotide conjugated to the precursor. We show 

that the precursors with large molecular weight and many arms are advantageous in forming a 

three-dimensional percolated network. Analysis of the percolated networks shows that the pore 

diameter distribution becomes narrower as the precursor concentration, the number of arms, and 

the molecular weight increase. The pore throat diameter, the size of the largest molecule that can 

travel through the hydrogel networks without being trapped, is determined. The percolated 

network slows the movement of molecules inside the pores. Molecules larger than the pore throat 

diameter have more restrictions on their movement in the percolated network than those with 

smaller sizes. 
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Introduction  

 Hydrogels are three-dimensional networks of polymer chains1 that are crosslinked via 

physical or chemical means2. They are valued for their high water holding capacity (> 90 % 

water) 3-4, which gives them a flexibility that is similar to that of natural tissue and makes them 

biocompatible5-6. Hydrogels are used in a variety of applications including contact lenses7, 

wound healing dressings8-9 , tissue engineering10-14, biosensors15, and drug delivery16-18.  

 The porous (or network) structure of the hydrogels makes them well suited for carrying 

small molecules such as therapeutics19 and biomolecules such as growth factors, hormones and 

protein therapeutics20-21. The size of pores in a hydrogel controls the movement (diffusion) of 

entrapped small molecules, and has been the subject of experimental19, 22-25 and theoretical 

investigations26-30. In general, drugs whose diameter is smaller than the average pore size can 

quickly diffuse through the structure of the hydrogel, but drugs whose diameter is equal to or 

greater than the average pore size, are drastically slowed down26, 31. The movement of a drug 

molecule through a hydrogel’s non uniform pore structure is also related to the size of the “pore 

throat”25, 32; that is the maximum size that a molecule can be and still travel in the hydrogel 

without limitations. In order to deliver drugs to a target site effectively, it is important to 

understand the relationship between the pore structure and drug size, the goal being to make 

hydrogel networks with appropriate pore size distributions and thus minimize premature drug 

loss.  

 Hydrogels prepared from poly(ethylene glycol) (PEG) have been used in a wide range of 

biomedical applications because PEG is a water soluble and non-toxic polymer 33-34. Among the 

various shapes of PEG hydrogels, those formed by multi-arm PEGs are useful when a highly 
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homogeneous internal structure is desired35-40. When the end of the PEG is modified with DNA 

and complementary DNA is added as a potential crosslinker, a hydrogel will form between these 

“precursors” as a result of the hybridization between DNA and its complement41-42. Hydrogels 

formed in this way have the advantage that all the components are biocompatible, that the 

crosslinking process is spontaneous, and that the crosslinks can be reversibly disrupted thermally 

and by competitive interaction with other complementary DNA strands43. In instances where 

DNA aptamers are used, crosslinking can also be reversibly disrupted by the presence of the 

DNA aptamer. 

We are engaged in a computational and experimental research project which aims to 

develop DNA-enabled micro- and nano-sized hydrogels formed by multi-armed PEG molecules. 

This paper is the second in a three-part series. The first paper describes the development of a 

coarse-grained (CG) model for simulation of DNA hybridization44. In this, the second paper, we 

simulate the formation of the DNA-mediated hydrogel using the developed model, and assess the 

hydrogel’s drug loading ability. In the third paper, we will simulate the degradation of the 

hydrogel when it encounters target molecules, thereby releasing previously-loaded drugs. 

The goal of this research is to understand how the structure and concentration of the PEG 

precursors affect the formation and structure of hydrogels, and to predict the size of therapeutic 

molecules that can be entrapped and/or transported through them. The characteristics of the 

hydrogel structure (pore size) are determined by the precursor concentration, precursor structure, 

and degree of crosslinking19. The sizes of representative drugs are known to be the following: the 

hydrodynamic radius of rituximab is 54 Å, trastuzumab is 69 Å, ranibizumab is 28 Å, and 

aflibercept is 37 Å45-46. Rituximab is a chimeric monoclonal antibody used to treat several types 
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of cancer and autoimmune disorders. Trastuzumab is a monoclonal antibody that binds the HER2 

receptor which is used for the treatment of breast cancer.  Ranibizumab is a monoclonal antibody 

fragment that acts as an inhibitor of angiogenesis for the treatment of wet age-related macular 

degeneration. Aflibercept is a recombinant protein that also acts as an angiogenesis inhibitor. It is 

used for the treatment of macular degeneration and metastatic colon cancer.  Here, we investigate 

(1) how the precursor concentration required to form a hydrogel depends on the number of arms 

of the precursors, (2) how the pore diameter depends on the precursor concentration and number 

of arms, and (3) how the pore structure affects the movement of molecules through the hydrogel. 

The benefit of this work is that we can find design parameters for preparation of DNA-

crosslinked hydrogels with desired pore size so as to optimize drug retention and controlled 

release.  

In this project, we conduct discontinuous molecular dynamics (DMD) simulations to 

model the formation and drug carrying ability of oligonucleotide-crosslinked hydrogels. The 

PEG precursors are covalently functionalized on their ends with oligonucleotides. Two different 

structures of oligonucleotide-functionalized PEG precursors are modeled in CG representation: 

4-armed and 6-armed. The crosslinker is a CG oligonucleotide that is complementary to the 

oligonucleotide on the end of the PEG precursors. The precursors are hybridized with crosslinker 

oligonucleotides to form a hydrogel network. Water is treated implicitly. The precursors are 

randomly located in the simulation box initially, and spontaneous network formation is observed 

as the simulation proceeds. The percolation probabilities of the networks formed at various 

precursor concentrations are analyzed to determine the lowest precursor concentration required 

for hydrogel formation for each precursor shape and molecular weight. The pore size diameter 

distributions are calculated to learn how the shape, molecular weight, and concentration of 
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precursors influence the hydrogel porosity. In addition, based on analysis of the pore size 

distribution, we find the maximum size molecule that can travel through the hydrogel networks 

without being trapped, i.e. the pore throat diameter. Finally, to understand the effect of pore size 

distribution on the migration of molecules in the network, the mean square displacements (MSD) 

of different-sized spheres in the percolated networks are investigated.  

Highlights of the results include the following. The network structures crosslinked by 

different types of precursors are simulated using the CG representation. The network formed by 

the 4- and 6-armed precursors exhibits a high degree of crosslinking for all precursor 

concentrations investigated. The 6-armed PEG requires lower precursor concentrations to form a 

hydrogel than the 4-armed PEG regardless of the precursor molecular weight. The pore size 

distribution becomes narrower with higher PEG molecular weight, number of arms, and 

concentration, and the average pore diameter decreases accordingly. All the percolated networks 

have heterogeneous porous structures, which limit the movement of the molecules within them. 

Molecules with a diameter equal to or smaller than the pore throat diameter cannot be confined 

inside the hydrogel matrix. Lastly, the diffusion coefficients of inserted spheres with various 

diameters are calculated from the MSD data, and the reduction in movement for each size sphere 

is estimated. The MSD results for small spheres inserted in the percolated networks demonstrate 

the potential of oligonucleotide-mediated hydrogels for use as drug delivery vehicles.  

 

Model and method 

Each CG ethylene oxide (EO) repeat unit (CH2CH2O) of PEG is represented by a single 

sphere that contains 2 carbons, 4 hydrogens, and 1 oxygen. PEG molecules are modeled as linear 



7 
 

chains of connected EOs. Two types of bonds are applied to maintain the connectivity and 

stiffness of CG PEG: covalent bonds and pseudobonds. The covalent bond is a real bond 

between adjacent CG EOs, and the pseudobond is an artificial bond between nonbonded CG 

EOs. Pseudobonds are imposed between a CG EO and the 2nd-nearest neighbor EO and between 

a CG EO and the 3rd-nearest neighbor EO. (The 2nd-nearest neighbor indicates EOs separated 

by one EO, and the 3rd-nearest neighbor indicates EOs separated by two EOs along the chain.) 

The distance between the CG EOs fluctuate between maximum and minimum bond length 

values. When the bond length reaches the minimum or maximum distance, an infinitely-

repulsive force is exerted so that they return to the proper bond length range47-48.  

The values of the minimum and maximum distances between bonded CG EOs are 

determined by performing atomistic simulations. Simulations of united-atom PEG (Mw : 546.65 

Da, number of repeat unit : 13) are performed with the GROMACS package to obtain the bond 

length distributions. Molecular topology information was obtained by using Automated 

Topology Builder (www.atb.com). The Lennard-Jones interaction parameters for the atoms in 

PEG are taken from Hezaveh’s research data49. Fifteen PEG chains were placed in a box of 100 

Å × 100 Å × 100 Å, and 32548 water molecules were added to fill the box. Ninety six sodium 

cations and ninety six chlorine anions were inserted to mimic 160 mM salt conditions. The 

simulation was conducted for 20 ns at 310 K and 1.0 bar (NPT ensemble). The various bond 

length distributions were obtained by collecting the center of mass distance between the CG 

EOs. CG distributions for the covalent bond lengths, and for the bond and torsional angle 

pseudobond lengths similar to those in the atomistic simulation can be achieved by limiting the 

minimum and maximum distances to a proper range. The minimum real bond and pseudobond 

lengths were selected by finding the smallest distance at which the bond distribution function 
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reaches 30% of its maximum peak value, and the maximum real bond and pseudobond lengths 

were determined by finding the distance (larger than the maximum peak distance) where the 

bond distribution function reaches 30% of its maximum peak value. The so-determined CG bond 

lengths are as follows. The bond length between covalently-bonded CG EOs fluctuates with a 

minimum length of 2.985 Å and a maximum length of 3.685 Å. The pseudobond length for the 

bond angle has a minimum of 4.945 Å and a maximum of 6.935 Å, and the pseudobond length 

for the torsional angle has a minimum of 7.505 Å and a maximum of 10.025 Å.  

The radial distribution functions (RDF) between two intermolecular CG EOs are obtained 

from center of mass data and used to define interaction parameters. The interaction between CG 

EO molecules are represented using the hard-sphere potential; this is because the EO-EO radial 

distribution function has no noticeable local maximum as would have resulted if there were 

molecular attractions. The hard sphere potential, uij, is  

𝑢𝑢𝑖𝑖𝑖𝑖(𝑟𝑟) = �  
      ∞                 𝑜𝑜 <  𝑟𝑟 ≤  𝜎𝜎𝑖𝑖𝑖𝑖

0                    𝜎𝜎𝑖𝑖𝑖𝑖 < 𝑟𝑟  

where r is the separation distance, and 𝜎𝜎𝑖𝑖𝑖𝑖 is the sphere diameter between two EOs i and j. The 

hard-sphere diameter represents the minimum possible distance between a pair of non-bonded 

CG sites, and is determined by finding the shortest separation distance as reflected in the RDF 

between the CG sites. The hard sphere diameter (σEO) is determined to be 3.125 Å. 

Supplementary Figure1 shows a comparison of the RDFs of atomistic and CG EO models. 

Each nucleotide is modeled as a single CG interaction site to represent sugar, phosphate, 

and base. The model has four different types of nucleotides (adenine, thymine, cytosine, and 

guanine). According to the Watson-Crick base pairing rule, only adenine-thymine and cytosine-
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guanine interactions need to be taken into account. The interactions between CG nucleotides are 

represented using the square-well potential; the model parameters were established in our 

previous research44. The interactions between EO and nucleotides are considered as hard sphere 

for simplicity.   

 

 
  

Figure 1. Schematic illustrations of (a) 4-armed, (b) 6-armed precursors, and (c) a crosslinker.  

 

Figure 1 shows the structures of the hydrogel precursors and crosslinker oligonucleotides 

considered in the coarse grained representation. The hydrogel precursors contain two distinctive 

moieties, PEG (black) and oligonucleotide (blue and green). There are two different types of 
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PEGs; 4-armed, and 6-armed. The number of EO beads in the branch is determined by the 

molecular weight of PEG. PEGs with molecular weights of 2, 5, and 10 kDa were selected. Table 

1 shows the number of EO repeat units on one branch for the different molecular weights and 

shapes.   

 

 2 kDa 5 kDa 10 kDa 

4-armed PEG  11 28 57 

6-armed PEG  8 19 38 

  

Table 1. Number of CG EOs in one branch for each shape and molecular weight PEG 

precursor.  

 

The oligonucleotides are attached to the end of the PEG arms and act as crosslinking sites. 

Two different oligonucleotide sequences are used: 5’ GGACGGTGCGAGGCG 3’ (DNA (A), 

blue in Figure 1) and GTGACTGGACCCCC (DNA (B), green in Figure 1). These sequences are 

chosen because their melting temperatures are higher than body temperature. Thus, the given 

oligonucleotides could be used for crosslinking since the hybridized state between those 

oligonucleotides and their complements would be maintained in the human body. The PEG 

precursor functionalized by the oligonucleotide sequence GGACGGTGCGAGGCG is called 

Precursor A, and the PEG precursor functionalized by GTGACTGGACCCCC is called Precursor 

B. The sequence of the crosslinker oligonucleotide is 5’ 

CCTGCCACGCTCCGCCACTGACCTGGGGG 3’, which is the concatenation of the 

complementary oligonucleotides of the two oligonucleotides described above (schematically 

represented as DNA (A’) and DNA (B’) in Figure 1). Base pairings between those 

oligonucleotides are the driving force for crosslinking. The crosslinking is formed by connecting 
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Precursors A and B via the crosslinker.  

Discontinuous molecular dynamics (DMD) simulations is used to simulate the formation 

of hydrogels and the movement of spheres (model therapeutics) through the hydrogel. DMD is a 

fast alternative to traditional MD that is applicable to systems of molecules interacting via 

discontinuous potentials. Because the discontinuous potential forces on the particles are exerted 

only when the particles collide, the computational costs of DMD are lower than in traditional 

MD, and this allows the study of longer time scales and larger systems. The DMD algorithm 

calculates the collision times among all the pair-wise collisions and advances the time to the 

point that the soonest collision occurs. Unlike conventional MD, which uses a constant time step, 

the time step of DMD is different in every calculation, so that the progress of the simulation is 

expressed in terms of the number of collisions.  

The details of the CG DMD simulations of the hydrogel formation are as follows. 

Initially, 20 Precursor A and 20 Precursor B chains are randomly placed in a box. The numbers 

of crosslinker oligonucleotides in the box are set to be 100 and 140, respectively, for 4-armed 

and 6-armed precursors . The actual number of crosslinkers is set to be one more than the 

number required for complete crosslinking between precursor A and B because this condition 

promoted a high rate of polymerization in past experiments by one of us. The lengths of each 

side of the box were selected to mimic precursor concentrations of 0.066, 0.158, 0.532, 1.038, 

1.550, 1.936, 2.461, and 3.195 mmol/L. The concentrations are calculated simply by c = Nprecursor 

/(VboxNA), where Nprecursor is the number of precursors in the simulations, Vbox is the volume of 

the simulation boxes, and NA is Avogadro’s number which is needed for unit conversion. The 

box lengths were 1000, 750, 500, 400, 350, 325, 300, and 275 Å for the respective precursor 

concentrations. The temperature is maintained constant by using the Anderson thermostat50. 
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Simulations are performed at body temperature (310 K) because the hydrogel’s drug transport 

should take place in the body. The unitless simulation body temperature is taken from our 

previous paper (Ts, body = 0.58)44. In our simulations, the temperature is cooled  by 0.01 for every 

1 million collision from an initial very high temperature of Ts = 8.0 until this temperature was 

achieved. The purpose of using high temperature at the start of the simulation is to spread the 

precursors uniformly around the simulation box before the actual “reaction” occurs. The 

annealing schedule was designed to reach body temperature after approximately 500 million 

collisions; this gives the precursors enough time to spread out evenly over the simulation box. 

The percolation probability is used to determine if the network meets the minimum 

requirements to be a hydrogel or not. We defined an aggregate to be at least two precursors that 

are connected by a crosslinker. The aggregate is considered a “percolated network” if there is a 

connected path in the aggregate that spans from one end of the simulation box to the other along 

a path that connects to its own periodic image in one direction.  Although percolation in one 

direction is a prerequisite for being a gel51,  percolation in three dimensions seems to be 

necessary for this study in order to have a hydrogel with spaces for storing small molecules 

(Supplementary Figure 2a). A network percolated in the x and y but not the z directions would be 

a 2-dimensional slab (Supplementary Figure 2b), and a network percolated in one direction 

would be an infinitely long string polymer. We introduce the term “percolation criteria” to 

describe the structures of the aggregates and set the maximum percolation criteria value to be 3; 

this is the sum of the maximum percolation probabilities in the x, y, and z directions. A 

percolation criteria of 1, 2, or 3 represents a one-, two-, and three-dimensionally percolated 

structure. The percolation criteria at a given concentration, Π, is defined as  
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𝛱𝛱 = <
∑ (𝑃𝑃 𝑥𝑥 +  𝑃𝑃𝑦𝑦  +  𝑃𝑃𝑧𝑧)𝑁𝑁
1

𝑁𝑁
> 

where Pi represents the percolation state of a given configuration that is percolated in  the i 

direction. It is 0 (no percolation) or 1 (percolation). N is the number of configurations observed 

throughout the simulation, and the observation is taken every one million collisions after the 

system has reached the equilibrium state. The angle bracket denotes the average of 5 independent 

simulations at that concentration.  

The pore diameter distributions in the percolated network are calculated to quantify its 

structure. To do this, a random position is selected in the pore and the largest sphere that 

encompasses that random position is found52. The diameter of that sphere is chosen as the 

diameter of the pore. The simulations for obtaining the pore diameter distributions are conducted 

for 50 million collisions starting with an already-equilibrated network as an initial configuration. 

Every 1 million collisions, 2000 random locations are used to measure the pore diameters.  

To understand the effect of the pore structure on the migration of molecules in the 

network, a sphere is inserted into the percolated network and its mean square displacement 

(MSD) is calculated. The sphere is modeled as a hard sphere, meaning it has no interactions with 

EOs or with the nucleotides. The interaction distances (sphere diameter) are set to: σsphere-EO = 

0.5*(σsphere-σEO) and σsphere-DNA = 0.5*(σsphere-σDNA); the point is just to focus on how network 

structure affects the MSD. The sizes of sphere inserted into the hydrogel network are 55, 60, 65, 

70, and 75 Å . The molar mass of all the spheres is set to be 1.0 g/mol so that the MSD variations 

become a function of sphere size only53. The MSD was determined from the average of five 

simulation runs. The starting positions of the spheres were different for each MSD calculation. 

The directions and magnitudes of the initial velocity of the sphere were different in every 
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simulation, but the values were chosen so that the kinetic energy of the spheres corresponds to 

body temperature. The MSD is defined as  

MSD(∆t) = < (r(t + ∆t)−  r(t))2 > 

where ∆t is the time interval and r(t) is the position of the sphere at time t. The angle bracket 

denotes an average over time.  
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 Results and discussion 

Self-assembly of precursors in presence of crosslinker 

 
 

Figure 2. The (a) initial and (b) final snapshots from a simulation containing 6-armed precursors 

(Blue – Precursor A, green – Precursor B) and crosslinker oligonucleotides (yellow). The inset 

figure of (b) is an enlarged representation of the hybridization of oligonucleotides; the base-

pairing between the CG nucleotide beads is indicated by the red artificial bonds so that the 

hybridized state can be easily recognized. (c) The hybridized fractions of all oligonucleotides in 

precursors versus time. Curves of different colors indicate results obtained from different 

precursor concentrations.   
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Figures 2 a and b show snapshots of the initial and final configurations for the systems of 

6-armed/10 kDa precursors. At the initial configuration, the precursors of A (blue), B (green), 

and crosslinker strands (yellow) are randomly placed in compact shapes. After 8 billion 

collisions, Precursor A and B molecules assemble together by hybridizing with the crosslinker 

strands. The red artificial bonds are used to illustrate the hybridization between precursors and 

crosslinker strands; chains of connected red bonds which look like ladders indicate complete 

hybridization. The precursors A and B are evenly distributed throughout the simulation box, and 

several void spaces which represent the pores of the hydrogel network are observed.       

The rate of assembly of the system is quantified by measuring the fraction of precursors 

and crosslinkers that are hybridized. The hybridized fraction in the equilibrium state is defined as 

the number of nucleotides in the precursors that are hybridized by the crosslinkers divided by the 

total number of nucleotides in precursors. Since it is only the number of hybridized nucleotides 

in precursor that are  counted, the actual hybridization fraction is the same regardless of the 

number of crosslinkers. Note that two crosslinkers can bind to the same arm of a precursor and 

two arms of a precursor can bind to the same crosslinker in our simulations. However, those 

binding states are unstable because the nucleotide sequences between the precursor and 

crosslinkers are not perfectly complementary, so that one crosslinker will eventually occupy only  

one arm. Figure 2c shows the fraction of total hybridized pairs of 6-armed/2 kDa precursors at 

various concentrations from 0.066 to 3.195 mmol/L. At the beginning of the simulation, the 

hybridized fractions are low at every concentration. However, as the simulation proceeds, 

crosslinkers pair with their complementary oligonucleotide sequences on the precursors and the 

hybridized fraction increases. The hybridized fractions reach a plateau after about 4 billion 

collisions; the values for 4-armed and 6-armed precursors are 0.82 – 0.88 and 0.86 – 0.90, 
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respectively, at all examined concentrations. The degree of saturation is defined as the number of 

crosslinkers that are hybridized to the precursors divided by the number of crosslinkers needed to 

fully crosslink the network. Table 2 displays the degree of saturation for the different shaped-

precursor systems in the equilibrium state. The degrees of saturation for the 4-armed and 6-

armed precursor systems are close to 90%. The 4-armed and 6-armed precursors achieve higher 

high levels of crosslinking regardless of the molecular weights. 

 

 4-armed 6-armed 
2 kDa 89.38 89.19 
5 kDa 88.12 89.81 
10 kDa 86.38 89.92 

Table 2. The saturation degree of precursors with different shapes and molecular weights. Unit : % 

 

Three dimensional percolation; Formation of hydrogel 

 
 
Figure 3. Percolation probability in three dimensions versus the precursor concentrations for 

(a) 4-armed and (b) 6-armed precursor systems. Black, red, and blue curves in each figure 

represent precursors with molecular weight of 2, 5, and 10 kDa.   
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To check whether the clusters that form in the simulations are truly interconnected networks or 

just disconnected aggregates, the three-dimensional percolation probabilities of the crosslinked 

structure are calculated as a function of precursor concentration. Recall that unlike the 

conventional percolation probability which ranges from 0 to 1, the maximum value of the 

percolation probability in our simulation is 3, which is the sum of the maximum percolation 

probabilities in x, y, and z directions. Having a value of 3 means that the system has percolated 

in each of the x, y, and z directions, and that there are void spaces surrounded by network 

skeleton. The value of percolation probability is determined by averaging the results of five 

simulations performed at the same concentration. Figures 3 a and b show the percolation 

probabilities of crosslinked structures formed by 4-armed and 6-armed precursors with molecular 

weights of 2, 5, and 10 kDa as a function of concentrations. Once again, the length of a single 

arm for each precursor is: for 4-armed precursor, 11 EOs at 2 kDa, 28 EOs at 5 kDa, and 57 EOs 

at 10 kDa; for 6-armed precursor, 8 EOs at 2 kDa, 19 EOs at 5 kDa, and 38 EOs at 10 kDa. Note 

that the heavier precursors have longer PEG lengths. Regardless of the number of arms, 

precursors with longer lengths percolate at lower concentrations. This implies that larger 

precursors are better at forming a percolated network than the shorter precursors at the same 

concentration. The minimum precursor concentration required to form a three-dimensional 

percolated network is ~3.0 mmol/L for 4-armed precursors. In the case of the 6-armed 

precursors, three dimensional percolation is first observed at a concentration less than 1.0 

mmol/L, relatively low compared to the 4-armed precursors. A noteworthy point is that the 

degree of percolation for 6-armed precursors increases abruptly at a certain concentration, rather 

than gently as in networks formed by the 4-armed precursor. In summary, the higher the number 
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of branches in the precursor and the longer their length, the lower the concentration required to 

form a three-dimensionally percolated structure.  

 

Pore diameter distribution  

 
 

Figure 4. Pore diameter distribution for percolated network of (a) 6-armed/10 kDa at a variety 

of concentrations, (b) 6-armed/3.20 mmol/L at different molecular weights, and (c) 10 kDa / 

2.46 mmol/L with different precursor structures.  

 

The percolated networks contain empty spaces, pores, surrounded by crosslinked 

precursors; the size of these pores depends on the precursor concentration, molecular weight, and 

structure. Figure 4 shows the pore diameter distributions of percolated networks. The pore 

diameter distribution is obtained from a single simulation run because the pore structures formed 

at fixed precursor concentration in very long runs do not vary much from run to run. This is 

shown in Supplementary Figure 3, which compares the pore diameter distributions of five 

different percolated networks (6armed / 10 kDa, precursor concentration 1.55 mmol/L) with 

different initial configurations. First, high precursor concentration makes the hydrogels more 

likely to have relatively uniform small-sized pores. Figure 4a displays the pore diameter 
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distributions for percolated networks of 6-armed /10 kDa precursor at different precursor 

concentrations. The systems are at higher precursor concentrations than the three dimensional 

percolation threshold. In all graphs of the pore diameter distribution, very small pores (< 10.0 Å) 

are commonly found with a high probability. These are formed when several chains cluster 

together to form bundles, creating innumerable small voids and correspond to the first peak in 

the figure. A better measure of the   topology of the available pore space is the diameter 

associated with second peak in Figure 4, the local maximum occurring after 10 Å. We will refer 

to this as the “characteristic diameter”. The three-dimensionally percolated networks formed at 

relatively low precursor concentrations have a broad pore diameter distribution profile. As the 

precursor concentration increases, the distribution profile gradually narrows and peaks at a 

higher probability. The characteristic pore diameter decreases as the concentration increases, and 

ranges from 55 Å at 1.04 mmol/L to 17 Å at 3.20 mmol/L. Supplementary Figure 4 shows the 

pore distributions at a variety of precursor concentrations for all types of precursors. In all cases, 

the shapes of the pore diameter distributions are narrow and the characteristic pore diameters are 

small at high precursor concentrations.   

The molecular weight of the PEGs also affects the pore structure of the percolated 

networks. Figure 4b displays the effect that increasing the precursor’s molecular weight has on 

the pore distribution at a fixed precursor concentration (3.20 mmol/L) and shape (6-armed). The 

distributions become narrower as the molecular weight increases with characteristic pore 

diameters of 26, 21, and 17 Å for 2, 5, and 10 kDa molecular weights respectively. Similar 

results are seen for the rest of the pore distribution curves of percolated network generated by 4-

armed and 6-armed precursors (Supplementary Figure 4). Because the volume of the system is 

constant, the larger the molecular weight of the precursor, the smaller the volume occupied by 



21 
 

the pores, and eventually the pore size decreases. Thus, a negative correlation between the size of 

the pores and molecular weight of the precursor is observed. 

Lastly, precursors with many branches are found to be advantageous for forming uniform 

porous structures. The influence of the number of branches on the pore size distribution can be 

seen by comparing the pore diameter distributions for the 4- and 6-armed precursors at fixed 

precursor molecular weight and concentration. Figure 4c shows the pore distributions of the 4-

armed /10 kDa (black) and 6-armed /10 kDa (red) networks at precursor concentration of 2.46 

mmol/L. At a fixed concentration and molecular weight, the network formed by 6-armed 

precursor has a slightly narrower pore diameter distribution than the network formed by the 4-

armed precursors. To summarize the three points, relatively narrow pore diameters are 

established in the three-dimensionally percolated network under the conditions of high precursor 

concentration, large molecular weight and more branches. 

 

The non-uniformity of the pore structure 

 
Figure 5. (a) The shape of hydrogel formed by 6-armed/10 kDa precursors at 1.55 mmol/L 

(blue – Precursor A, green – Precursor B, yellow – crosslinker, and red – artificial bond 



22 
 

representing hybridization). (b) and (c) show the positions of the pores (dark blue) in which 

molecules of 40.0 and 60.0 Å can move within the hydrogel (pink), respectively. 

 

The non-uniformity of the pore structure limits the movement of molecules located in the 

percolated networks. Obviously since there is a distribution of pore diameters, there will be pores 

that molecules of a certain size can reach and pores that they can’t reach. Pores of a certain size 

that are reachable within the hydrogel can be identified by placing virtual spheres of that size in 

many random locations of the simulation box without overlapping with the hydrogel skeleton 

(Figure 5a) . The shape of a pore within the hydrogel can be visually expressed as a 

conglomeration of the virtual pores lumped together. The dark blue areas in Figure 5b show the 

pore structure that small molecules of 40.0 Å diameter can travel through, and those in Figure 5c 

show the pore structure that large molecules of 60.0 Å diameter can travel through. Comparing 

the two figures, the volume that molecules of 40.0 Å diameter can travel through is much larger 

than the volume that molecules of 60.0 Å diameter can travel through. In addition, the space in 

which small molecules of 40.0 Å can move is connected to its own periodic images in the x, y, 

and z directions; i.e. the pore structure is in a percolated state. On the other hand, the space in the 

hydrogel where large molecules of 60.0 Å can move is disconnected. Therefore, relatively small 

molecules in the hydrogel are allowed to move almost everywhere in the gel matrix, while 

relatively large molecules have very limited movement because of the hydrogel’s non-uniform 

disconnected pore structure. It follows that there exists a maximum size molecule that can move 

through the inside of the hydrogel. This is the “throat diameter” of the pore.  
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The existence of the pore throat 

 
Figure 6. A contour map of pore of hydrogel formed by 6-armed/10 kDa at 1.55 mmol/L at x 

= -55.0 Å. The areas of the pores that can be reached by different sizes of molecules (20, 40, 

and 60 Å) are shown in blue colors with different intensities.  

 

The existence of the pore throat diameter is confirmed by observing cross-sectional 

images of the percolated network. Figure 6 shows the y-z cross-section of percolated network 

formed by 6-armed /10 kDa with precursor concentration of 1.55 mmol/L at x = -50.0 Å. 

Different intensities of blue represent pores in which molecules of different diameter from 20.0 

to 60.0 Å can travel, respectively. The pore area where a molecule with a diameter of 20.0 Å can 

travel is distributed throughout the network. As the molecule size increases, the area accessible 

to molecules of that size decreases gradually; very limited areas are allowed for the motion of 

molecules with diameters larger than 60.0 Å. Thus, the throat diameter of a pore is determined 

by investigating the pore connectivity of different diameters.  
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The pore throat diameter of the hydrogels 

 
 

Figure 7. (a) Comparison of pore distribution and connectivity for percolated network by 6-

armed/10 kDa at a precursor concentration of 1.55 mmol/L and (b) the characteristic pore 

diameters and pore connectivity thresholds of percolated network by 6-armed/10 kDa at 

various precursor concentrations.    

 

The throat diameter of hydrogels decreases as the precursor concentration increases. To 

determine the throat diameter, virtual beads of 10 different diameters (from 35 to 80 Å in 5 Å 

intervals) are placed in the pore region of percolated networks. We observe whether the virtual 

beads are connected in the x, y, and z directions54. The connectivity of the virtual beads is 

verified using the percolation probability concept. The percolation of the virtual beads is 

quantified in terms of a pore connectivity probability for better understanding. The pore 

connectivity probability is defined to have a value of 1 if the virtual beads form a chain that 

percolates across the simulations box regardless of the direction, and 0 otherwise. Unlike our 

treatment of the hydrogel’s percolation in three-dimensions, we do not concern ourselves about 

the dimensionality of the percolation of a pore. The point is have a connected pore leading to the 



25 
 

outside of the hydrogel; for the purposes of this paper, it is immaterial whether the pore that is 

formed percolates in only one or two dimensions. However, one suspects that hydrogels with 

three-dimensionally percolated pores are different in shape than hydrogels with one-

dimensionally percolated pores, and that the latter will be formed at a much lower precursor 

concentration than the former. Figure 7a is a graph comparing the pore size distribution (black) 

and the pore connectivity probability (blue) of a hydrogel prepared using 6-armed/10 kDa at a 

precursor concentration of 1.55 mmol/L. The characteristic pore size for this case is 39 Å. The 

pore connectivity probability is constant at 1 up to a pore diameter of 55.90 Å, which means that 

the pores are percolated. However, the pore connectivity probability drops to zero at 60.20 Å, 

which means that the pores lose connectivity. From this, we determine that the throat diameter is 

55.90 Å which is the largest diameter that maintains pore percolation. The pore throat diameter 

of the hydrogel can be adjusted to be 16 to 170 Å by varying the molecular weight, the number 

of branches, and the concentration of the precursors (Supplementary Figure 5). Figure 7b is a 

graph comparing the characteristic pore diameter and the pore throat diameter for the hydrogel 

made using the 6-armed/10 kDa precursor at various concentrations. The characteristic pore 

diameters and the pore throat diameters of the percolated networks decrease as the precursor 

concentration increases. When the precursor concentration is less than 2.46 mmol/L, the throat 

diameters are greater than the characteristic pore sizes. However, when the precursor 

concentration is above 2.46 mmol/L, the throat diameter becomes similar to the characteristic 

pore diameter suggesting that the connected pores of the hydrogel are like pipes with a constant 

diameter. In other systems, except 6-armed/10 kDa, the pore throat diameter is always larger 

than the characteristic diameter at the  precursor concentrations considered. Molecules placed 

inside the hydrogel whose characteristic size is greater than or equal to the throat diameter of the 
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pore will be completely trapped in the hydrogel matrix. Ultimately, to deliver the drug to its 

destination without loss, a hydrogel with a smaller throat diameter than the size of the drug 

should be used. 

 

The diffusion of molecules within the network 

 
 

Figure 8. (a) Comparison of the mean square displacement of spheres in an unpercolated 

network and  a three-dimensionally percolated networks. (b) The mean square displacement 

for each sphere diameter in the three-dimensionally percolated networks. Each color represents 

the MSD of a molecule with a different diameter. 

 

The movement of small molecules in the percolated networks (hydrogel, 3-dimensionally 

crosslinked polymer) is more limited than those in the unpercolated networks (separate cluster) 

when the molecular weight and number of precursor arms are fixed. The unpercolated network 

was selected only as a comparison to confirm the hydrogel’s drug confinement ability. To 

compare the movement of a molecule inside two different  networks, hard spheres of different 
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sizes are inserted in the networks and the MSD of the spheres are measured. For the 

measurement of MSD, two networks with 6-armed/10 kDa at 0.01 and 1.55 mmol/L are selected; 

the first represents an unpercolated network and the second represents a percolated network. The 

diameters of the spheres inserted in the unpercolated network are 50 and 75 Å, and the diameters 

of the spheres in the percolated network are 50, 55, 60, 65, 70, and 75 Å which are the size 

corresponding to the diameter range of ranibizumab (56 Å) and aflibercept (76 Å). Note that the 

mass of the sphere is constant as 1 g/mol regardless of the diameter in order to maximize the 

movement of sphere per unit time and avoid mass effects in the MSD. The MSDs of the spheres 

are measured by inserting them one by one into the network and tracking their positions. Figure 

8 shows the results of the MSD measurement of different sized spheres in the two networks. The 

MSDs of spheres in the unpercolated network are nearly the same for the two sphere diameters 

(Figure 8a). This is to be expected because the unpercolated network does not have pores 

surrounded by precursors. However, in the percolated network, the MSDs are significantly 

reduced compared to those in the unpercolated network regardless of the sphere diameter (Figure 

8b). This implies that once three dimensional percolation is established, the movement of the 

molecule inside the network is constrained by collisions due to the structure of the network. The 

MSDs of relatively small-sized spheres are high even though the sphere is in the percolated 

network because they are small enough to move freely without being disturbed. As the sphere 

diameter increases, the MSDs decrease because the available void space becomes too small.  
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Conclusion 

We describe the results of discontinuous molecular dynamics simulations of the 

formation and the structural properties of an oligonucleotide-crosslinked PEG based hydrogel. 

The hydrogel networks are formed by 4- and 6-armed PEG precursors that are covalently 

functionalized on all ends with oligonucleotides. The crosslinker is a single oligonucleotide 

whose sequence is complementary to the oligonucleotide conjugated to the precursors. Network 

formation is achieved by hybridization between the precursor’s oligonucleotide moiety and the 

crosslinker. The formation of a network was investigated in the concentration range from 0.066 

to 3.195 mmol/L for each precursor. High levels of crosslinking are achieved for the 4- and 6-

armed precursor systems.  

When the network is percolated in the x, y, and z directions at a given concentration, it is 

believed to satisfy the minimum requirements for being a hydrogel. We calculated percolation in 

three dimensions because it ensures the formation of a hydrogel with cargo space for small 

molecules. The simulation results show that the likelihood of three-dimensional percolation 

increases as the precursor concentration increases for all shape precursors. The concentrations 

needed to form a stable percolated structure are 3.0 and 1.0 mmol / L for the 4- and 6-armed 

precursors, respectively, regardless of the precursor molecular weights. As the number of 

branches of the precursor increases, lower precursor concentrations are sufficient to achieve 

three-dimensional percolation. As the 6-armed precursor has more hybridization sites than 4-

armed precursor, crosslinking can be achieved more easily. Thus, 6-armed precursors form stable 

hydrogel networks at low concentrations.   
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Next, the pore diameter distributions within the percolated network structures formed by 

4- and 6-armed precursors were analyzed. The pore diameter distribution depends on the shape, 

molecular weight, and concentration of the precursors. In order to form a hydrogel with narrow 

pore size distributions, a precursor should have many branches and high molecular weight and 

should be crosslinked at a high concentration. As the pore sizes in DNA-mediated hydrogel are 

not uniform, the maximum size of a material that could travel freely within the hydrogel should 

be determined. This maximum size is called the pore throat diameter. The pore throat diameter of 

the hydrogel is found to be higher than the characteristic diameter (the most frequently observed 

pore diameter > 10 Å) for most of the investigated structures and precursor concentrations. The 

reason why the throat diameter is larger than the characteristic diameter is because the small-

sized disconnected pores (or separated chambers), which are not associated with connected 

pores, are included in the pore diameter distribution curve. The hydrogels crosslinked by 6-

armed/10 kDa precursor at a concentration of 2.46 mmol/L or higher have a pore throat diameter 

that is similar to the characteristic diameter.  The reason that those two diameters are similar at 

high concentrations is that the sizes of the voids within the pores have become more uniform. 

Measuring the distribution of connected and disconnected pores would be a new research topic 

for a deeper understanding of the structure of hydrogels. When the hydrogel is used as a drug 

delivery vehicle for loading molecules that are smaller than  pore throat diameter, immersion of 

the hydrogel in a liquid to load drug molecules into the hydrogel by equilibrium partitioning 

would work. However, at the same time, it would be possible for the molecules to escape from 

the hydrogel before it reaches the target site.  

Lastly, the drug carrying ability of the percolated network (hydrogel) was verified by 

analyzing the diffusion of spheres in the networks. Spheres of various size diameters (55, 60, 65, 
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70, and 75 Å) were placed in percolated networks formed by 6-armed precursors at 1.55 mmol/L 

precursor concentration, and the MSD of the beads was calculated. As a control, the MSD of the 

same sized beads in a network formed at 0.16 mmol/L, an unpercolated network, was measured. 

The MSDs of the various sized beads in the unpercolated network with 0.16 mmol/L are similar 

because the void space is larger than the size of the inserted beads. On the other hand, the MSDs 

of all size beads in the percolated network (1.55 mmol/L) decrease because the movement of 

beads is reduced by colliding with the scaffolds of the networks. As the bead diameter increases, 

the MSD gradually decreases because the pore space becomes too small for the beads to move in 

the hydrogel network. When the size of the bead is greater than the pore throat diameter, the 

MSD is relatively independent of the bead size, indicating that the material is entrapped. For 

example, ranibizumab (a drug for macular degeneration with hydrodynamic diameter: 55.2 Å) 

can be carried by the hydrogel formed with 6-armed/10 kDa at the concentration of 1.94 mmol/L 

since its pore throat diameter is 43.0 Å.  

The main conclusions that can be drawn from this simulation study of oligoncuelotide-

crosslinked hydrogels are the following: 1) The required concentration for the formation of the 

hydrogels by various precursor shapes is predicted to be; 3.0 mmol/L for 4-armed precursors and 

1.0 mmol/L for 6-armed precursors. 2) The structure of the formed hydrogel can be understood 

through the pore diameter distribution and pore connectivity analysis; pore size distributions 

indicate the extent to which the pore structures are non-uniform and the pore connectivity 

probability allows determination of the pore throat diameter. 3) The drug-carrying ability of the 

hydrogel can be analyzed by measuring the MSD of small molecules in the hydrogel; percolated 

networks show lower MSDs than unpercolated networks. 4) The size of drugs should be larger 

than the pore throat diameter to deliver them without leaking. There results could be used to 
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design DNA crosslinked hydrogels for drug delivery application by adjusting the structure and 

concentration of the precursors to control porosities.  

In next stage of this project, we will develop a model of a target molecule (adenosine) 

that triggers the DNA crosslinks to unhybridize, and consequently the hydrogel to degrade and 

release drugs, by inclusion of a specific oligonucleotide (aptamer) sequence as part of the 

crosslinker. The crosslinker will be extended to include an aptamer sequence to react with the 

target. Assuming a situation where the hydrogel meets the target molecule, the adenosine will be 

introduced into the hydrogel network. The hydrogel network generated by the simulation will be 

used as an initial configuration to observe interaction with molecular targets.  

Although our CG simulations provide molecular-level understanding of the formation 

and drug carrying ability of oligonucleotide-crosslinked hydrogels, the model has several 

limitations. First, the drug molecule is designed not to have any interactions with the hydrogel 

components. In reality, drug molecules would interact with the PEG or the nucleotide via 

electrostatic interactions, hydrophobic interactions and/or hydrogen bonding, affecting the 

movement of drug molecules. In future work, we will go beyond our current description of the 

geometric aspect of drug-pore size and focus more on the chemical nature of the drug molecules. 

Several specific cancer drug molecules will be considered. CG parameters (well-depth, well-

width, and number of wells) for the drug-PEG, drug-nucleotide and drug-drug interactions will 

be determined from atomistic simulations. This would give us a fuller picture of how the 

chemical nature of the drug molecules affects their role as guest molecules in the hydrogel host 

scaffold. Second, water is treated implicitly in our simulation and the absence of hydrodynamics 

would have distorted the structure of the hydrogel somewhat differently from the actual one. In 
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addition, because our implicit solvent model assumes that the solvent is water, it is not possible 

to predict the behaviors of drug molecules that are immiscible in water. Third, as our drug model 

is a simple hard sphere, it is not sufficient to distinguish between the diffusion of hydrophilic and 

hydrophobic drugs in the hydrogel. As PEG and nucleotides are both hydrophilic, we expect that 

the interaction between hydrophilic drug molecules and the hydrogel would be stronger than the 

interaction between hydrophobic drug molecules and the hydrogel. The movement or diffusion 

of the hydrophilic molecules in the hydrogel should be slower than that of the hydrophobic 

molecules if the two molecules’ diameters are the same. Finally, in order to predict conditions 

under which a hydrogel would actually form, we need to analyze not only the network 

percolation but also its mechanical properties such as the modulus.  
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