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Abstract 

Microneedle arrays have been developed to deliver a range of biomolecules including 

vaccines into the skin. These microneedles have been designed with a wide range of 

geometries and arrangements within an array. However, little is known about the effect of the 

geometry on the potency of the induced immune response. The aim of this study was to 

develop a computational model to predict the optimal design of the microneedles and their 

arrangement within an array. The three-dimensional finite element model described the 

diffusion and kinetics in the skin following antigen delivery with a microneedle array. The 

results revealed an optimum distance between microneedles based on the number of activated 

antigen presenting cells, which was assumed to be related to the induced immune response. 

This optimum depends on the delivered dose. In addition, the microneedle length affects the 

number of cells that will be involved in either the epidermis or dermis. By contrast, the radius 

at the base of the microneedle and release rate only minimally influenced the number of cells 

that were activated. The model revealed the importance of various geometric parameters to 

enhance the induced immune response. The model can be developed further to determine the 

optimal design of an array by adjusting its various parameters to a specific situation. 

Keywords: finite element model; vaccine delivery; microneedles; pharmacokinetic model; 

antigen kinetics;  



1. Introduction 

Vaccines are currently delivered into the muscle or subcutaneous tissues with a hypodermic needle 

and syringe. However, the skin is rich in immune responsive cells and is, therefore, a potential 

location for the delivery of a vaccine. Vaccine administration into the skin can be beneficial in 

terms of pain sensation, efficiency, and safety. To deliver vaccines into the viable layers of the skin, 

microneedle arrays are being developed. These arrays contain small projections, the microneedles, 

which are arranged on a back plate. Depending on the delivery approach, the microneedle can be in 

different forms, including hollow, coated or dissolvable microneedles (van der Maaden et al. 2012; 

Kim et al. 2012). In recent years, these microneedles have been designed with a wide variety of 

geometries. The influence of the geometry on their penetration properties has been recently 

examined (Donnelly et al. 2010; Crichton et al. 2011; Römgens et al. 2014). However, little is 

known about the influence of this geometry and the microneedle arrangement within an array on the 

potency of the induced immune response; how the geometry influences the distribution of antigens 

in the skin, or the binding and internalization by cells, and the subsequent activation of antigen 

presenting cells (APCs) residing in the skin. 

One study using coated microneedles indicated that the immune response was slightly increased 

when ovalbumin was applied to a larger skin area, but generally independent of microneedle length 

and density (Widera et al. 2006). By contrast, an optimum density was suggested in another study 

using coated microneedles (Depelsenaire et al. 2014). In addition, the total microneedle volume 

(Carey et al. 2011; Pearson et al. 2015) and the surface area of application (van der Maaden et al. 

2014) were reported to influence the immune response when an antigen was topically applied 

before or after microneedle treatment. These previous studies suggest that the geometry of the array 

and its microneedles can be optimized to increase the potency of the induced immune response.  

Computational and analytical models have previously been used to describe drug delivery by 



microneedles (Lv et al. 2006; Al-Qallaf, Das, et al. 2009; Al-Qallaf, Mori, et al. 2009; Zhang et al. 

2009; Olatunji et al. 2012; Kim et al. 2015), with particular focus on the delivery of the drug to the 

blood circulation. In addition, a model has been recently developed to predict the dissolution of a 

microneedle and the resulting drug concentration in the skin as function of time (Kim et al. 2015). 

However, these models do not focus on the kinetics in the skin and can, therefore, not be used to 

predict the internalization of antigens in the cells and the subsequent activation of cells, which is an 

essential step in evoking an immune response. 

The aim of the current study was to develop a finite element model that was able to predict the 

optimal geometry of microneedles and their arrangement within an array for the purpose of vaccine 

delivery. This model was designed to predict the spatial-temporal diffusion of antigens released 

from a coated microneedle, and includes skin kinetics, as described in our previously developed 

compartment model (Römgens et al. 2016). The efficiency of the design was determined by means 

of the number of antigen presenting cells that were activated. 

2. Methods 

2.1 Model geometry 

A microneedle array was assumed to consist of a number of conically shaped microneedles placed 

in a regular grid with a centre-to-centre distance or spacing, 𝑆𝑆. Due to symmetry of the microneedle 

and array, a quarter of a microneedle within a rectangular skin sample could be used as a 

representative volume element (RVE). Hence, combining multiple RVEs will result in a 

microneedle array ignoring the effect of microneedles at the edge of the array. The geometry of the 

microneedle itself could be described by its length, 𝑙𝑙𝑀𝑀𝑀𝑀, and radius at the base, 𝑟𝑟𝑏𝑏 (Figure 1). 

Coated microneedles were considered and modelled with a coating layer thickness, 𝑡𝑡𝑐𝑐, of 0.02 mm 

around the microneedle. The skin was divided into two layers, namely, the epidermis with a 

thickness, 𝑡𝑡𝑒𝑒, of 0.2 mm and the dermis with a thickness, 𝑡𝑡𝑑𝑑, of 1.8 mm. The default parametric 



values describing the microneedle geometry and spacing within the array are summarized in Table 

1. 

The model was implemented in a finite element package, Abaqus (v6.14-1, Dassault Systèmes 

Simulia Corp., Providence, RI, USA). The mesh contained linear tetrahedral elements (DC3D4) 

with a fine mesh around the microneedle and increasing coarseness towards the edges of the model 

(Figure 1b and c). 

2.2 Transport and kinetics in the skin 

After a microneedle array penetrated into the skin, the antigen coating of the microneedles will start 

to release antigens, which will diffuse into the skin. The cells residing in the skin bind and 

internalize these antigens via receptor-mediated endocytosis, which was assumed to occur in all 

available cells. The two populations of antigen presenting cells, the Langerhans cells in the 

epidermis and the dermal dendritic cells in the dermis, mature and start to migrate towards the 

lymph nodes upon antigen uptake. In addition to internalization, antigens can be taken up into the 

blood and lymph capillaries located in the dermis and deeper tissue layers.  

This process of antigen release, diffusion, and internalization by the cells can be described by a set 

of partial differential equations (1)-(6) (Römgens et al. 2016): 

𝜕𝜕𝐶𝐶𝑀𝑀𝑀𝑀
𝜕𝜕𝜕𝜕

= ∇(𝐷𝐷𝑀𝑀𝑀𝑀∇𝐶𝐶𝑀𝑀𝑀𝑀), (1) 

𝜕𝜕𝐶𝐶𝐸𝐸𝐸𝐸𝑀𝑀,𝑒𝑒
𝜕𝜕𝜕𝜕

= ∇�𝐷𝐷𝑒𝑒∇𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑒𝑒� − 𝑘𝑘𝑎𝑎𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑒𝑒�𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑒𝑒 − 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� + 𝑘𝑘𝑑𝑑𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟, (2) 

𝜕𝜕𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑑𝑑
𝜕𝜕𝜕𝜕

= ∇�𝐷𝐷𝑑𝑑∇𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑑𝑑� − 𝑘𝑘𝑎𝑎𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑑𝑑�𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑑𝑑 − 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� + 𝑘𝑘𝑑𝑑𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑘𝑘𝑐𝑐𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑑𝑑, (3) 

𝜕𝜕𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟
𝜕𝜕𝜕𝜕

= 𝑘𝑘𝑎𝑎𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖�𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖 − 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� − (𝑘𝑘𝑑𝑑 + 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖)𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟, (4) 

𝜕𝜕𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕

= 𝑘𝑘𝑐𝑐𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑑𝑑, (5) 

𝜕𝜕𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕

= 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟, (6) 

where 𝐶𝐶𝑀𝑀𝑀𝑀 is the antigen concentration in the coating of the microneedle, 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖 the antigen 

concentration in the extracellular matrix (ECM) with 𝑖𝑖 = 𝑒𝑒 and 𝑑𝑑 for the epidermis and dermis, 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 



the concentration of antigens bound to receptors, 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 the antigen concentration taken up by the 

cells, and 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 the antigen concentration taken up by the microcirculation (both lymph and blood). 

These concentrations are all a function of the 𝑥𝑥-, 𝑦𝑦-, and 𝑧𝑧-coordinates and time 𝑡𝑡. 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖 is the 

initial receptor concentration and 𝐷𝐷𝑗𝑗  the diffusion coefficient with 𝑗𝑗 = 𝑀𝑀𝑀𝑀, 𝑒𝑒, and 𝑑𝑑, representing 

the coating of the microneedle, epidermis, and dermis, respectively. The velocity of the various 

processes involved were prescribed with rate constants 𝑘𝑘𝛽𝛽 with 𝛽𝛽 = 𝑎𝑎, 𝑑𝑑, 𝑖𝑖𝑖𝑖𝑖𝑖, and 𝑐𝑐. These 

represent the association and dissociation rate of the antigen-receptor binding, the rate of 

internalization of the antigen-receptor complex and the rate of uptake into the circulation, 

respectively. 

The skin kinetics was implemented in the finite element model using the subroutine hetval, in which 

the change in concentration was calculated at each integration point for every increment. This was 

achieved in an explicit manner using (1)-(6). 

The parameter values that were used to describe the kinetics were based on average values from the 

literature and are summarized in Table 2. Our previous study revealed that the rate constants had 

little effect on the output of the model and can therefore be taken from general values from the 

literature (Römgens et al. 2016). The initial receptor concentration was estimated from the cell 

density (6.2 x 104 cells/mm3 for the dermis, 1.3 x 106 cells/mm3 for the epidermis) and the number 

of receptors per cell (1 x 105) for both the epidermis and dermis (Avraméas et al. 1996; McLellan et 

al. 1998; Szolnoky et al. 2001; Mulholland et al. 2006; Römgens et al. 2016). The diffusion 

coefficient in both these layers was based on measurements with 40 kDa dextran (Römgens et al. 

2015). 

2.3 Initial and boundary conditions 

In the initial state of the model, the concentration of the coating of the microneedle was 𝐶𝐶𝑀𝑀𝑀𝑀,0, 

whereas all other concentrations were zero. This initial coating concentration was obtained by 



dividing the delivery dose per microneedle 𝑑𝑑𝑀𝑀𝑀𝑀 by the volume of the coating. The default dose per 

microneedle was 5.2 x 10-8 µmol, unless stated otherwise, and was based on a total delivery dose of 

0.3 µg diphtheria toxoid to be delivered by an array containing 100 microneedles.  

During the simulation, the concentration of the ECM was prescribed to be zero in the plane 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 

of the skin (Figure 1a). This represented the transport away from the skin due to larger blood and 

lymph vessels. The side edges were impermeable to antigens, simulating the symmetry to the 

adjacent skin, in which the concentration at the edge would be the same. In addition, the top plane 

was also impermeable to simulate the stratum corneum. 

The model ran until steady state was attained, when the change in the ECM and microneedle 

concentration ((1)-(3)) was less than 1 x 10-15 µmol/s. 

2.4 Model variations: optimization of array design 

Specific geometric parameters were varied to determine their influence on the efficiency of evoking 

an immune response. These included the distance, 𝑆𝑆, between the centres of two adjacent 

microneedles in an array, the length of the microneedle, 𝑙𝑙𝑀𝑀𝑀𝑀, and the radius at the base, 𝑟𝑟𝑏𝑏. In 

addition, the dose delivered by the microneedle, 𝑑𝑑𝑀𝑀𝑀𝑀, and the time of release from the microneedle 

were varied, the latter parameter of which was controlled by the diffusion coefficient of the coating 

layer. 

The efficiency of the immune response was determined by two factors: 

• The proportion of the total number of antigens taken up by the cells. 

• The number of activated antigen presenting cells in the epidermis and dermis. 

The activation of antigen presenting cells to start maturing and migrating towards the lymph nodes 

was assumed to depend on their level of saturation, 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠. This was defined as the ratio between the 

concentration internalized by the cells and its theoretical maximum. The latter was equal to the 

initial receptor concentration, 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖, of the specific skin layer, resulting in the following equation: 



𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑠𝑠𝑠𝑠/𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖 ,  (7) 

where 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑠𝑠𝑠𝑠 is the antigen concentration taken up by the cells in steady state. This level of 

saturation was dependent on the 𝑥𝑥-, 𝑦𝑦-, and 𝑧𝑧-coordinates. If the saturation threshold, 𝜃𝜃, was 

exceeded, then the antigen presenting cells were assumed to be activated. The number of activated 

antigen presenting cells was subsequently determined based on the total cell density in the 

epidermis and dermis, and the assumption that the antigen presenting cells represent 10% of the 

total cell population taking up antigens. 

3 Results 

3.1 Distribution with default microneedle 

The progression of the antigen concentration within the extracellular matrix and the saturation of 

the cells within this matrix for the default microneedle geometry are presented in Figure 2. The 

initial high antigen concentration of the microneedle decreases while the antigens diffuse into the 

extracellular matrix. Simultaneously, the antigens bind and are taken up by the cells, increasing the 

level of saturation of the cells up to its maximal level. At steady state, the antigen concentration in 

the extracellular matrix is approximately zero. In addition, a large portion of the cells in the 

epidermis and dermis are close to full saturation in this simulation with the default features of the 

microneedle geometry. 

3.2 Effect of spacing between microneedles 

The distance between the microneedles was varied between 0.25 and 4 mm, while the other 

parameters retained their default values (Tables 1 and 2). An optimum distance was revealed with 

respect to the number of APCs that were activated (Figure 3), which was dependent on the 

saturation threshold, 𝜃𝜃, at which the cells were activated. Moreover, the maximum number of 

activated APCs occurred at a different microneedle spacing for the dermis and epidermis (Figure 3b 

and c). For example, at a saturation threshold of 0.5, the maximum number of activated cells 



occurred at a spacing of approximately 1 mm, which was also the optimal distance for activating the 

cells in the epidermis. However, for the dermis its optimum occurred at a distance of 1.5 mm. 

Below the optimal distance the activation of cells rapidly decreased. By contrast, above the optimal 

distance, the number of activated cells reached a constant value just below its maximum. 

At a spacing below 1 mm, the proportion of the total number of antigens taken up by the cells 

rapidly decreased (Figure 4). Therefore, at lower values of the spacing more antigens were 

transported to the circulation, which may result in dissipation of antigens. 

The optimum value for the spacing for cell activation and, thus, the value below which a larger part 

of the antigens end up in the circulation were dependent on the dose administrated with a single 

microneedle. At a lower dose, the optimal spacing decreased (data not shown).  

3.3 Effect of microneedle length 

The length of the microneedle was varied between 0.05 and 1.45 mm, while retaining the default 

values of the other parameters. The total number of activated APCs decreased with increasing 

microneedle length, as did the activation of cells in the epidermis (Figure 5a and b). By contrast, in 

the dermis more cells were activated with an increase in the microneedle length (Figure 5c). Hence, 

the ratio between the number of activated antigen presenting cells in the epidermis and dermis 

decreased with increasing microneedle length. At a saturation level of 1, this ratio decreased 

maximally from 27.9 for a 0.05 mm long microneedle to 1.5 for a length of 1.45 mm. However, at a 

saturation level of 0.1, the corresponding ratios were 7.4 and 5.7, respectively. 

The increase in the number of activated cells in the dermis was observed up to a length where all 

cells were activated. This occurred, for example, at a saturation threshold of 0.1 and a length above 

0.9 mm (Figure 5c). At a larger distance between the microneedles this maximum was not yet 

reached in the dermis at a length of 1.45 mm (data not shown). In addition, there was a small linear 

decrease in the proportion of antigens taken up by the cells from 97% to 92% over the range of 

microneedle lengths examined. 



3.4 Effect of microneedle base radius 

The radius at the base of the microneedle was varied between 0.0875 and 0.26 mm, while 

maintaining the default values of the other parameters. Similar to the length of the microneedle, the 

radius of the microneedle generally determined the location at which the antigens were delivered. 

The number of activated APCs varied slightly with the radius of the microneedle, as indicated in 

Figure 6. In the epidermis, the number increased at a high saturation threshold (Figure 6b), 

reflecting the reduced distance between the outside of two adjacent microneedles and tending 

towards the optimal distance (Figure 3). At lower saturation thresholds, all available cells were 

activated. However, the number of activated cells decreased with increasing radius (Figure 6b). This 

effect was caused by the corresponding increase in microneedle volume, reducing the skin volume 

and thereby the available cells. This effect will not occur in an experimental setup. By contrast, in 

the dermis the number of activated cells was independent of the radius, except at the high saturation 

threshold (Figure 6c). When the spacing of the microneedles was significantly higher than the 

optimal spacing, the radius did not have any effect on the number of activated cells (data not 

shown). 

The radius of the microneedle did not have any effect on the fraction of antigen taken up by the 

cells and the fraction released to the circulation. 

3.5 Effect of delivered dose 

To assess the effect of the delivered dose, the dose was varied two orders of magnitude from 5.2 x 

10-9 to 5.2 x 10-7 µmol, while maintaining the default values of the other parameters. The delivered 

dose clearly affected the activation of cells (Figure 7). The saturation of the cells increased with the 

delivered dose up to full saturation levels, beyond which any increase in dose was released into the 

circulation.  



3.6 Effect of release time 

The time of release of the coating from the microneedle did not have any effect on the activation of 

cells (Figure 8) or the proportion of the antigens that was taken up by the circulation. 

4 Discussion 

The developed model, which described the spatial temporal diffusion of antigens and their kinetics 

in the skin after delivery with a microneedle array, was used to predict the number of activated 

antigen presenting cells and the proportion of antigens internalized by the cells. In particular, the 

effect of the microneedle and array geometry on the distribution and activation of cells was 

assessed. Assuming the number of activated cells was directly related to the induced immune 

response, the optimal geometry could be predicted. The simulations revealed an optimum for the 

centre-to-centre distance of the microneedles. The total number of activated cells decreased with 

microneedle length, although there was a corresponding increase in the number activated in the 

dermis. In addition, the applied dose significantly affected the number of activated cells. By 

contrast, the effect of the radius of the microneedle was only apparent when the spacing was close 

to its optimum. Changing the release rate of the antigens from the microneedle did not have any 

effect. In general, the percentage of the total number of antigens internalized by the cells was high, 

but could rapidly decrease in situations where all cells were saturated. 

The synergistic effect of adjacent microneedles can explain the optimal distance between 

microneedles. At a spacing significantly larger than the optimum, the antigens released from a 

microneedle will not reach the same location as those released from other microneedles (Figure 9a). 

Hence, further increasing the spacing, does not affect the activation of cells. At the optimal 

distance, the antigens from multiple microneedles can contribute to the activation of the cells 

located between the microneedles (Figure 9b). However, at a further decrease in spacing, the 

influential zone of the microneedles will overlap excessively, resulting in the dissipation of antigens 

(Figure 9c). As a result, the optimal spacing is dependent on the dose delivered by a single 

microneedle and the available binding sites for the antigens. Therefore, at a certain predetermined 



dose per microneedle, the array geometry can be adjusted to generate the highest level of activated 

antigen presenting cells. Assuming the number of these activated cells is directly related to the 

potency of the immune response, the simulations confirm previous experimental observations in 

which the evoked immune response was dependent on the area to which the antigens were exposed 

(Widera et al. 2006; van der Maaden et al. 2014), as a larger spacing in the model implied a larger 

application area. It is interesting to note that Widera and coworkers (Widera et al. 2006) reported no 

such effect when the density alone was changed. However, for a fixed dose, the model simulations 

predict that it is largely dependent on the densities examined if it will affect the number of activated 

cells, and thereby the potency of the immune response. In one study, an optimal microneedle 

distance was reported (Depelsenaire et al. 2014), although the authors attributed this effect to the 

colocalization of antigen delivery with signals from dead cells. Indeed, these signals, resulting from 

microneedle insertion, may influence the immune response. 

The different subsets of antigen presenting cells can induce a different immune response. The 

simulations revealed that the length of the microneedle, and thus the location at which the antigens 

were delivered affects the ratio of cells activated in the epidermis and dermis. Hence, the length 

may be adapted to target either Langerhans cells in the epidermis or dermal dendritic cells residing 

in the dermis. However, a previous study reported that the immune response was mostly 

independent of the microneedle length (Widera et al. 2006). Nevertheless, when a relatively high 

dose was used, the effect of length may have been masked due to the complete saturation of all 

cells. Moreover, the model showed that more antigens were taken up into blood and lymphatic 

circulation at either increased microneedle lengths or a higher dose. The antigens taken up in the 

lymph vessels can transport to the lymph nodes and activate lymph node resident dendritic cells 

(Ueno et al. 2007) and thereby contribute to the initiation of an immune response. This potential 

mechanism was not considered in the present model. Indeed, large molecules are generally taken up 

in the lymphatics as opposed to the blood circulation (Ibrahim et al. 2012). 



The model may be further extended by including signalling molecules and cell migration. 

Currently, a homogeneous cell density was considered and fixed within each layer. However, 

migration of cells can occur, initiated by the release of molecules, such as cytokines and 

chemokines, from skin cells (Ueno et al. 2007; Koutsonanos et al. 2013). These molecules provide 

a signal to cells from both inside and outside the skin to migrate towards the location of secretion 

(Del Pilar Martin et al. 2012; Koutsonanos et al. 2013) and thereby repopulating the skin and 

changing the number and distribution of cells within the skin. In addition, these signalling 

molecules can influence the maturation and migration of antigen presenting cells towards the lymph 

nodes (Koutsonanos et al. 2013). If these processes were included in the model, the release rate may 

prove to influence the evoked immune response when a sustained period is simulated, since it has 

been reported that a vaccination regime over many days can increase the response (Johansen et al. 

2008). However, with the present static cell density, no long term processes could be predicted and, 

as a result, the release rate did not have any influence on cell activation. The current model varies 

the release rate by adapting the diffusion coefficient in the coating layer. The release rate may also 

be varied by changing the coating thickness. Applying the same dose with a thinner coating layer 

will increase the concentration of the coating and therefore the release rate. Although, the current 

coating thickness of 0.02 mm may be considered high, it should not influence the results as the 

release rate did not influence the steady state in the model (Figure 8). The model could also be 

refined by incorporating the partitioning between the different layers in the skin.  

Using the present model, the effect of various parameters was determined on the number of 

activated cells in both the epidermis and dermis. However, the absolute values for geometry 

parameters should not be interpreted as the optimal values. For each specific situation, the relevant 

kinetic parameters, number of receptors and dose should be determined. In our previous study, we 

showed that from these parameters the number of receptors and dose had the largest influence on 

the output of the model (Römgens et al. 2016). In the current study, the model was used to provide 



an insight into the efficiency of dermal vaccination, however, the same approach can be adopted for 

the application of other drugs or for transdermal delivery. 

In conclusion, the developed model can be used to optimize the geometry of microneedles and their 

array to increase activation of antigen presenting cells and subsequently the potency of the immune 

response. It revealed that there exists an optimum distance between the microneedles within the 

array, which was dependent on the applied dose and may be different when targeting the epidermis 

or the dermis. In addition, the length of the microneedle influenced the ratio of cells activated in 

both skin layers. By contrast, the radius at the base of the microneedle and the release rate produced 

only minimal effects on the resulting the activation of targeted cells. 
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Table 1 – Default values to describe the microneedle geometry and their spacing within an array 

(Figure 1). These values were used unless stated otherwise. 

Parameter Default value [mm] 
𝑺𝑺  1  
𝒍𝒍𝑴𝑴𝑴𝑴  0.3  
𝒓𝒓𝒃𝒃  0.0875 
𝒕𝒕𝒆𝒆  0.2 
𝒕𝒕𝒅𝒅  1.8 
𝒕𝒕𝒄𝒄  0.02 

 

 

Table 2 – The default values for the rate constants, initial receptor concentrations, dose per 

microneedle, and diffusion coefficients are presented. These were based on values reported in the 

literature (Avraméas et al. 1996; McLellan et al. 1998; Szolnoky et al. 2001; Metz et al. 2003; 

Mulholland et al. 2006; Ibrahim et al. 2012; Vainshtein et al. 2015; Römgens et al. 2015). These 

values were used in all simulations unless stated otherwise. 

Parameter Default value 
𝒌𝒌𝒂𝒂 1 x 105 M-1 s-1 

𝒌𝒌𝒅𝒅 1 x 10-3 s-1 
𝒌𝒌𝒊𝒊𝒊𝒊𝒊𝒊 1 x 10-3 s-1 
𝒌𝒌𝒄𝒄 1 x 10-5 s-1 
𝑹𝑹𝒕𝒕𝒕𝒕𝒕𝒕,𝒆𝒆  2.2 x 10-7 µmol mm-3 
𝑹𝑹𝒕𝒕𝒕𝒕𝒕𝒕,𝒅𝒅  1.0 x 10-8 µmol mm-3 
𝒅𝒅𝑴𝑴𝑴𝑴  5.2 x 10-8 µmol 
𝑫𝑫𝒆𝒆  8 x 10-6 mm2 s-1 
𝑫𝑫𝒅𝒅  21 x 10-6 mm2 s-1 

𝑫𝑫𝑴𝑴𝑴𝑴 8 x 10-6 mm2 s-1 

 

  



 

Figure 1 – Schematic representation of the microneedle and array geometry and the finite element 

mesh. (a) The microneedle was characterized by its length, 𝑙𝑙𝑀𝑀𝑀𝑀, radius at the base, 𝑟𝑟𝑏𝑏, and coating 

thickness, 𝑡𝑡𝑐𝑐. The array can be described by the distance between the centres of two adjacent 

microneedles, 𝑆𝑆. The skin is divided in an epidermal and dermal layer with thicknesses 𝑡𝑡𝑒𝑒 and 𝑡𝑡𝑑𝑑, 

respectively. A single representative volume element is illustrated. (b) The mesh of the default 

microneedle (Table 1). (c) Close up of the mesh around the microneedle. (d) Example of a 

microneedle array from Tyndall National Institute, Cork, Ireland. 
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Figure 2 – The progress of antigen distribution within the extracellular matrix and the level of 

saturation of the cells simulated for the default microneedle geometry. 
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Figure 3 – The normalized number of activated APCs as a function of the distance between the 

microneedles within an array for the entire skin (a), the epidermis (b), and the dermis (c). All values 

were normalized to the total number of antigen presenting cells activated with the default 

microneedle geometry (𝑆𝑆 = 1 mm) at a saturation threshold of 1. Each line represents a different 

saturation threshold, 𝜃𝜃. Note the different scale on the y-axis for the dermis. 

 

 

Figure 4 – Influence of the microneedle spacing on the percentage of the total number of antigens 

internalized by the cells and taken up into the circulation in steady state. 



 

Figure 5 – The normalized number of activated APCs as a function of the length of the microneedle 

for the entire skin (a), the epidermis (b), and the dermis (c). All values were normalized to the total 

number of antigen presenting cells activated with the default microneedle geometry (𝑙𝑙𝑀𝑀𝑀𝑀 = 0.3 mm) 

at a saturation threshold of 1. Each line represents a different saturation threshold, 𝜃𝜃. Note the 

different scale on the y-axis for the dermis. 

  



 

Figure 6 – The normalized number of activated APCs as a function of the radius of the 

microneedles at its base for the entire skin (a), the epidermis (b), and the dermis (c). All values were 

normalized to the total number of antigen presenting cells activated with the default microneedle 

geometry (𝑟𝑟𝑏𝑏 = 0.0875 mm) at a saturation threshold of 1. Each line represents a different saturation 

threshold, 𝜃𝜃. Note the different scale on the y-axis for the dermis. 

  



 

Figure 7 – The normalized number of activated APCs as a function of the delivered dose by a 

single microneedle for the entire skin (a), the epidermis (b), and the dermis (c). All values were 

normalized to the total number of antigen presenting cells activated with the default dose (𝑑𝑑𝑀𝑀𝑀𝑀 = 

5.2 x 10-8 µmol) at a saturation threshold of 1. Each line represents a different saturation threshold, 

𝜃𝜃. Note the logarithmic scale on the x-axis and the different scale on the y-axis for the dermis. 

  



 

Figure 8 – The normalized number of activated APCs as a function of the delivered dose by a 

single microneedle for the entire skin (a), the epidermis (b), and the dermis (c). All values were 

normalized to the total number of antigen presenting cells activated with the default diffusion 

coefficient (𝐷𝐷𝑀𝑀𝑀𝑀 = 8 x 10-6 mm2 s-1) at a saturation threshold of 1. Each line represents a different 

saturation threshold, 𝜃𝜃. Note the logarithmic scale on the x-axis and the different scale on the y-axis 

for the dermis. 

  



 

Figure 9 – The volume in which cells are activated was dependent on the spacing between 

microneedles, as visualized in these two-dimensional drawings of a large (a), optimal (b), and small 

(c) distance between microneedles. The area in which the saturation exceeds the saturation 

threshold is largest for the optimal spacing. 
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