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Abstract 

Microneedle arrays are promising devices for the delivery of drugs and vaccines into or 

through the skin. However, little is known about the safety of the microneedles. In this 

study we obtained insight in the ability of microneedles to disrupt the skin barrier, which 

was evaluated by transepidermal water loss (TEWL). We also determined the safety in 

terms of skin irritation (skin redness and blood flow) and pain sensation. We applied 

microneedle arrays varying in length and shape on the ventral forearms of 18 human 

volunteers. An effect of needle length was observed, as TEWL and redness values after 

treatment with solid microneedle arrays of 400 μm were significantly increased compared 

to 200 μm. The blood flow showed a similar trend. Needle design also had an effect. 

Assembled microneedle arrays induced higher TEWL values than the solid microneedle 

arrays, while resulting in less skin irritation. However, for all microneedles the irritation 

was minimal and lasted less than 2 hours. In conclusion, the microneedle arrays used in 

this study are able to overcome the barrier function of the skin in human volunteers, are 

painless and cause only minimal irritation. This opens the opportunity for dermal and 

transdermal delivery of drugs and vaccines. 
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Introduction 

Even though the skin is an attractive site for drug delivery, the stratum corneum, the upper 

part of the epidermis, poses a barrier to the transport of most compounds. In recent years 

a large number of methods have been developed to increase the permeation across this 

skin barrier. Among these methods are chemical enhancement such as the use of 

penetration enhancers and novel formulations and physical enhancement, such as 

iontophoresis and electroporation [1-5]. Recently microneedles have gained much 

attention, as they can create little holes in the stratum corneum. Microneedles can be 

fabricated from a large number of different materials, such as silicon, glass, metal and 

polymers, and differ in length and in shape [6-8]. The microneedles are excellent 

candidates for transdermal and dermal delivery. One of the most attractive applications of 

the microneedle arrays is to use them for transcutaneous vaccination. Microneedle studies 

are often focused on the fabrication of microneedle arrays. Studies on the enhanced 

delivery across the skin [9-15] and the increase in immune response generated [16-18] are 

in progress. An important question that needs to be resolved is whether these 

microneedles induce skin irritation [15, 17, 19].  

Skin irritation is a reversible inflammatory reaction that can lead to erythema and oedema 

[20, 21]. Many chemical substances act as skin irritants and the mechanism of this process 

is not completely understood, but the production of cytokines by epidermal cells is 

deemed important. Keratinocytes, which comprise 95% of the epidermal cells, are the 

major source of cytokines. Activated Langerhans cells also secrete cytokines, but to a lesser 

extent [22]. In response to barrier disruption, keratinocytes produce a variety of cytokines 

of which interleukin-1α (IL-1α) is the most important one. Preformed and active IL-1α is 

already present in resting keratinocytes and after it has been released, it stimulates further 

release of more IL-1α and other cytokines such as IL-8, IL-6, granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and tumour necrosis factor-α (TNF-α) [23-25]. This 

cytokine cascade leads to dermal vasodilatation and cellular infiltration in the epidermis, 

which directs the restoration of the skin barrier function [26, 27]. Physical barrier 

disruption by tape stripping or UV radiation is also known to result in release of IL-1α and 

the resulting inflammation reaction [25, 28, 29]. It may therefore be possible that 

microneedles also induce an inflammatory reaction.  

There are many non-invasive biophysical techniques to assess skin irritation and barrier 

disruption, such as transepidermal water loss (TEWL), skin colour, laser Doppler flowmetry, 

capacitance, reflectance spectroscopy, ultrasound and visual scoring [30-35]. In this study 

the safety and barrier disruption caused by microneedle arrays was investigated in healthy 

subjects. Erythema was evaluated by skin colour assessment and by laser Doppler imaging 

(LDI). LDI is an optical technique that measures the movement of red blood cells. Light 
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from a laser beam is directed onto the skin. Moving red blood cells scatter the laser light in 

a different way than static tissue resulting in a frequency shift. This shift is photodetected 

and processed to provide a blood flow value [36, 37]. The barrier function was investigated 

by measuring the TEWL [38]. After treatment with different types of microneedle arrays 

the TEWL, LDI, redness and painscore were assessed on regular intervals during 2 hours. 

The length of the microneedles as well as the shape of the tip of the microneedles varied.  

Materials and methods 

Volunteers 

Eighteen non-smoking healthy volunteers (9 men and 9 women), aged between 21 and 30 

years (mean ± SD, 25 ± 3), with no pre-existing skin conditions participated in the study. 

They were asked not to apply any cosmetic formulations on the ventral forearm during 

seven days before the study and to refrain from coffee and tea on the day of the study. 

The study was approved by the Medical Ethical Committee from the Leiden University 

Medical Centre.  

Microneedles 

Two different types of microneedle arrays were used. Solid metal microneedle arrays 

(figure 1a and b) with a length of 200, 300 or 400 μm (200S, 300S and 400S) were obtained 

from Transferium (Almelo, The Netherlands). These needles are made from stainless steel 

wire with a diameter of 200 μm and are die-cut to a tangential shape. The needles were 

placed in a 4 by 4 pattern in a polyetheretherketone mould (diameter 9 mm) with a pitch 

of 1.25 mm. Assembled hollow metal microneedle arrays (figure 1c and d) with a length of 

300 and 550 μm (300A, 550A) were obtained from Philips (Philips Research Europe, 

Eindhoven, The Netherlands). These needles were manufactured from commercially 

available 30G hypodermic needles and have a diameter of 300 μm [14]. These needles 

were positioned in a 4x4 pattern in a polyetheretherketone mould with a pitch of 1.25 

mm, similarly to the solid microneedle arrays.  

To precisely tailor the insertion speed of the microneedle array into the skin to 3 m/s a 

custom made electrical applicator was used (Fine Mechanical Department, Leiden 

University). An array of microneedles was positioned at the end of the applicator and held 

in place by a metal holder. A Perspex cover protects this metal holder. The device contains 

a coil through which on demand current passes, which results in a magnetic driving force 

that launches a metal rod out of the coil, moving the attached microneedle array.  
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Experimental procedure 

The study was conducted at 23˚C in a temperature controlled room. The subjects 

acclimatised in this room for 30 minutes prior to the start of the study. Three circular areas 

were marked on the left ventral forearm and five on the right ventral forearm of each 

subject. The circular areas were located at approximately the same position on each 

forearm. However, to ensure that these areas were not located on a vein, which would 

interfere with the blood flow measurements, the subcutaneous blood flow was imaged 

before treatment with the microneedle arrays with a laser Doppler imager (LDI) 

(MoorLDLS, Moor Instruments, Devon, UK). The distance between the LDI measuring head 

and the skin was set to 15 cm and the images were analysed by calculating the mean blood 

flow over an area of 0.64 cm2, corresponding to the size of the mould of the microneedle 

array. The values are expressed as perfusion units (PU). 

 

 

In order to compare the effect of increasing microneedle length, 200S, 300S and 400S 

microneedle arrays were applied on the left ventral forearm of 18 volunteers in a 

randomised manner. This experiment was always performed in the morning, between 10 

AM and 12 PM. On the right ventral forearm of 15 volunteers five microneedle treatments 

were carried out to compare single application of the 300S microneedles to the following 

treatments: i) twofold application of the 300S microneedles, ii) application of 300A and iii) 

application with 550A, which served as a positive control and iv) application of an empty 

mould which served as a negative control. All positions were randomised in comparison to 

the 300S to correct for differences between the application sites. This experiment was 

always performed in the afternoon, between 1 PM and 3 PM. 

Figure 1. The microneedle arrays 
used in this study are i) solid metal 
microneedles in a 4x4 array (300S, a) and 
a higher magnification of a single 
microneedle (b) and ii) assembled hollow 
metal microneedles in a 4x4 array (300A, 
c) and a higher magnification of a single 
microneedle (d). 
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Before applying the microneedle arrays, baseline values were recorded for the barrier 

function (TEWL), the subcutaneous blood flow and the skin colour. The TEWL was 

measured with a Tewameter TM210 (Courage+Khazaka, Köln, Germany). After placing the 

probe on the skin, the TEWL values were recorded for a period of 1 min after which an 

average reading during this time interval was calculated. The values are expressed in g h-1 

m-2. The skin colour was measured using a Minolta CR-300 chromameter (Minolta Ltd, 

Milton Keynes, UK). The chromameter was calibrated against a colour standard before 

measuring each subject, according to the method defined by the manufacturer. The probe 

of the apparatus was placed gently onto the skin and the colour was measured on the a* 

scale, the red-green Commission Internationale de l'Éclairage (CIE) axis [39]. The treated 

areas were also visually inspected for skin damage. The measurements were performed 

directly after application (0 min) and repeated after 15, 30, 45, 60, 90 and 120 minutes. 

The subjects were also asked to rate the pain of application on a 1-10 scale directly after 

the treatment. 

Statistical analysis 

Statistical analysis was performed with Prism 4 for Windows (GraphPad, San Diego, U.S.A). 

Data of TEWL, redness and LDI are presented as mean ± SEM (n = 18 for left ventral 

forearm and n = 15 for right ventral forearm). Because the data for the pain scoring did not 

show a normal distribution, a box-and-whiskers plot was used to present these data. A 

repeated measurement analysis of variance (ANOVA) was combined with a Bonferroni 

multiple comparison post test.  

Results 

Barrier function 

The TEWL values after treatment with the 200S, 300S and 400S are provided in figure 2a. 

Prior to treatment, TEWL values were around 9.5 g h-1 m-2. The 200S treatment did not 

result in increased TEWL values and 15 minutes after piercing the TEWL values only 

decreased and reached values that were below the initial baseline values. After piercing 

with the 300S, TEWL values increased immediately and declined after 15 minutes reaching 

baseline values after 30 minutes. The pattern of the TEWL values obtained after treatment 

with the 400S was similar to that obtained with the 300S, but the effect lasted 15 minutes 

longer. Treatment with the microneedle arrays showed a trend that longer microneedles 

result in a higher increase in TEWL values. Only a significant difference in response was 

observed between the 400S and 200S (table 1A). In figure 2b the increase in TEWL after 

treatment with microneedles of different shapes, positive control (550A), negative control 
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(550A) and twofold application is provided. In this study all treatments were compared to 

the treatment with the 300S microneedle arrays. For almost all microneedle arrays the 

TEWL values increased and reached a peak directly after application. After the first time 

point at 0 min the TEWL decreased very slowly, but did not return to the baseline value 

within the time frame of the experiment. The 300A was the only treatment that reached 

its maximum TEWL values not directly after piercing, but 15 minutes later. TEWL did not 

increase after treatment with the control. As shown in table 1B, treatment with the 300S 

did not increase the TEWL to a significantly higher level than after the control treatment. 

The highest TEWL values (maximum of 11.8 g h-1 m-2) were obtained with the 550A 

(p<0.001 in comparison to the 300S). Furthermore, the 300A resulted in a significant higher 

increase in TEWL than the solid microneedle array of the same length (p<0.001) and 

piercing twice with the 300S microneedle array increased the TEWL significantly compared 

to a single 300S microneedle treatment (p<0.001).  

Pain 

In figure 3a and b box-and-whisker plots of the pain scores as reported by the volunteers 

are shown. The pain scores of all treatments are similar and very low. No significant 

differences in pain caused by microneedles of different length or shape were found. The 

median value of all microneedle arrays was 1, except for the 550A were the median was 2. 

This array also had the highest maximum pain score of 6. Even though the scores after 

microneedle treatment and control did not differ significantly, the latter did have the 

smallest interquartile range.  

 

 

 

 

A) TEWL 
400S vs 300S 400S vs 200S 300S vs 200S 

Mean difference 0.548 1.04 0.495 
95 % CI 0.149 to 0.947 0.644 to 1.44 0.0962 to 0.894 
p value p< 0.01 p< 0.001 p> 0.05 
B) TEWL 300S vs 300A 300S vs 2x 300S 300S vs control 300S vs 550A 

Mean difference -0.884 -0.844 0.458 -1.95 
95 % CI -1.33 to -0.435 -1.29 to -0.395 0.00961 to 0.907 -2.40 to -1.51 
p value p< 0.001 p< 0.001 p< 0.05 p< 0.001 

 

Table 1. Pairwise comparison of TEWL values (g h-1 m-2) between microneedle arrays of different 
length (A) and type (B).  
 



Chapter 3  

 

62 

 
 

 

 

Figure 3. Box-and-whisker plots of the pain scores after treatment with different 
microneedle arrays. (A) Solid metal microneedle arrays of 200, 300 and 400 μm needle 
length. n = 18. (B) Solid metal microneedle arrays of 300 μm in comparison to different 
types of microneedle arrays. n = 15. 
 

Figure 2. TEWL values before and 
after applying different microneedle arrays 
(t=0). (A) Solid metal microneedle arrays of 
200, 300 and 400 μm needle length. (B) 
Solid metal microneedle arrays of 300 μm in 
comparison to different types of 
microneedle arrays. Data is presented as 
average values ± SEM of 18 (A) or 15 (B) 
volunteers. 
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Skin Irritation 

As a determinant of the degree of irritation the redness of the skin and the blood flow was 

examined. Figure 4a shows the change in redness (Δa) for the solid microneedle arrays of 

different length. After application of each microneedle array an increase in Δa was 

observed. After 15 min the Δa values were maximal and reached values of 1.8 absorption 

units (AU) for the 300S and 400S and of 1.4 AU for the 200S could be detected. From this 

time on the Δa values decreased and reached baseline values for the 200S after 60 minutes 

and for the 300S and 400S after 90 minutes. As shown in table 2A treatment with the 400S 

resulted in significant higher Δa values than treatment with the 200S (P<0.001). In figure 

4b the Δa after treatment with the 300S was compared to different types of microneedle 

arrays. Treatment with the empty mould resulted in maximum values directly after 

application and almost immediately afterwards the baseline values were reached. For all 

microneedle arrays, the Δa values were maximal 15 minutes after application, and 

remained elevated for at least 90 minutes. Treatment with the 550A and the 300S resulted 

in Δa values that were still higher after 2 hours than before treatment. As shown in table 

2B, treatment with the 300S resulted in an increase that was significantly higher than after 

the control treatment (P<0.001). After treatment with the 550A, similar Δa levels were 

reached as with the 300S, while significantly lower values compared to the 300S were 

found after treatment with the 300A (P<0.01), even though after treatment with the 300A 

very small spots of blood redness were observed in the skin. Piercing with the 550A also 

resulted in small blood spots in the skin. Single and twofold piercing with the 300S 

microneedle array did not result in significant differences in Δa values.  

Monitoring changes in subcutaneous blood flow using the LDI was another way to assess 

skin irritation. In figure 5 examples of pictures and perfusion images of skin reactions after 

5 different applications of microneedle arrays are shown. The figure shows scans of the 

same skin area before treatment and at different time points after treatment. The change 

in blood flow compared to the baseline values after application of the 200S, 300S and 400S 

was derived from the blood flow images and is shown in figure 6a. Immediately after 

treatment the blood flow increased, but reduced to baseline values within 45 minutes. 

However, no significant differences in blood flow were found after treatment with 400S, 

300S and 200S microneedles (table 3A). As shown in figure 6b pressing an empty mould 

against the skin resulted in a slight increase the subcutaneous blood flow, as an increase of 

25 PU could be observed, but after 30 minutes the baseline value was reached again. 

Applying the microneedle arrays resulted in an immediate increase in blood flow followed 

by a rapid decrease. The 300S resulted in a significantly higher increase in blood flow than 

after treatment with the control (p<0.001). The blood flow returned to baseline values 

within 60 minutes for all microneedle arrays except the 550A, which values remained 
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elevated for at least 2 hours. Treatment with the solid microneedle arrays resulted in a 

trend of a more pronounced blood flow increase than after applying the assembled 

microneedles (table 3B). Twofold and single piercing of 300S microneedle arrays did not 

result in significant differences in blood flow. 

 

 
 

 

 

 

A) Δa 400S vs 300S 400S vs 200S 300S vs 200S 

Mean difference 0.181 0.537 0.356 
95 % CI -0.112 to 0.481 0.237 to 0.837 0.0559 to 0.656 
p value p> 0.05 p< 0.001 p< 0.05 
B) Δa 300S vs 300A 300S vs 2x 300S 300S vs control 300S vs 550A 

Mean difference 0.804 0.408 2.01 0.119 
95 % CI 0.244 to 1.36 -0.152 to 0.967 1.45 to 2.57 -0.441 to 0.679 
p value p < 0.01 p > 0.05 p < 0.001 p > 0.05 

 

Figure 4. The change in redness (Δa) 
at different time points after the application 
of microneedle arrays (t=0) in comparison 
to the redness before application. (A) Solid 
metal microneedle arrays of 200, 300 and 
400 μm needle length. (B) Solid metal 
microneedle arrays of 300 μm in 
comparison to different types of 
microneedle arrays. values. Data is 
presented as average values ± SEM of 18 (A) 
or 15 (B) volunteers.  
 

Table 2. Pairwise comparison of induced redness between microneedle arrays of different 
length (A) and type (B).  
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Δblood flow 400S vs 300S 400S vs 200S 300S vs 200S 

Mean difference 19.25 18.82 -0.432 
95 % CI -0.177 to 38.68 -0.608 to 38.25 -19.86 to 19.00 
p value p> 0.05 p> 0.05 p> 0.05 
Δblood flow 300S vs 300A 300S vs 2x 300S 300S vs control 300S vs 550A 

Mean difference 15.79 3.823 40.57 -12.6 
95 % CI -9.646 to 41.22 -21.61 to 29.26 15.14 to 66.01 -38.04 to 12.83 
p value p > 0.05 p > 0.05 p < 0.001 p > 0.05 

 

Table 3. Pairwise comparison of the increase in blood flow (PU) between microneedle arrays of 
different length (A) and type (B).  
 

Figure 5. Laser Doppler pictures and perfusion images of a forearm of a volunteer. The 
figure shows scans of the same skin area before treatment and at different time intervals 
after treatment. 
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Discussion 

The aim of this study was to obtain insight in the ability of microneedles to disrupt the 

barrier of the skin and to determine the safety of microneedle treatment in terms of skin 

irritation and pain sensation. For this purpose we used microneedles varying in 

microneedle length, diameter and shape. In one study we investigated the effect of 

increasing microneedle length and in another study single application of the 300S 

microneedles was compared to treatment with microneedles of different shape and to 

twofold application. 

First, the influence of the microneedles arrays on the barrier function was assessed. For 

microneedle arrays with the same shape, only treatment with 400S resulted in a significant 

difference in TEWL in comparison to 200S. Treatment with the 300S was also compared to 

treatment with microneedle arrays with a differently shaped tip. We found a significant 

difference between the 300S and the 300A and 550A, indicating that needle shape is an 

important parameter for barrier disruption. The 300S did not increase the TEWL 

significantly compared to the control treatment. However, in in vitro studies we did show 

that these needles could pierce human skin by visualising the conduits [40]. The 300S 

microneedle arrays were used in the study focusing on needle length and in the study 

Figure 6. The change in blood flow at 
different time points after the application of 
microneedle arrays (t=0) in comparison to 
the blood flow before application. (A) Solid 
metal microneedle arrays of 200, 300 and 
400 μm needle length. (B) Solid metal 
microneedle arrays of 300 μm in 
comparison to different types of 
microneedle arrays. Data is presented as 
average values ± SEM of 18 (A) or 15 (B) 
volunteers. 
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focusing on needle shape. Slight differences in TEWL were observed in both studies. In the 

microneedle length study, the elevated TEWL values lasted 30 minutes, while in the 

microneedle shape study the TEWL values remained elevated and increased again after 90 

minutes. It is possible that this was caused by circadian variations. The microneedle shape 

study was performed between 1 and 3 PM. Le Fur et al. showed that TEWL values on the 

forearm reach a peak at 8 am and at 4 pm and a minimum at noontime [41, 42].  

An important reason to develop microneedles for dermal vaccination is to decrease the 

pain and discomfort that the current delivery of vaccines by injection causes. Several 

recent studies indicate that approximately 20% of the children suffered serious distress 

from vaccinations [43]. For this reason we also assessed the pain that treatment with our 

microneedle arrays might induce. We demonstrated that treatment with microneedle 

arrays varying in microneedle length, diameter and shape did not cause pain to most of the 

volunteers. This is in agreement with results from Kaushik et al., who showed that the pain 

sensation caused by microneedle arrays containing 400 microneedles with a length of 150 

μm did not differ significantly from a smooth surface [19]. The pain score of the 

microneedle arrays do have a larger interquartile range than the control. However, pain 

scoring is a subjective matter and two volunteers did perceive all microneedle arrays as 

uncomfortable.  

To assess the safety of the microneedles, the irritation that these needles might induce 

was measured both with a chromameter and a LDI. Both methods measure erythema, 

which is one of the fundamental markers of inflammation [23]. However, a chromameter 

measures only the superficial redness, while a LDI measures the blood flow much deeper in 

the skin. The exact penetration depth of the laser depends on pigmentation, but on 

average the image is reflecting the blood flow until a skin depth of 1 mm [44]. Because the 

vasodilatation response caused by the inflammation reaction in the dermis is faster than 

the redness response on the surface of the skin, the blood flow reached its maximum value 

directly after treatment with the microneedles, while the maximum Δa was measured 15 

minutes after microneedle treatment. The results of both methods correlate excellently. 

For microneedle arrays of the same needle type, an increase in length results in an 

increase in Δa. Although treatment with microneedles of varying length did not result in 

significant blood flow differences, a similar trend was observed. When focusing on the 

microneedles of different shapes, treatment with the 300S induced clearly more irritation 

than the control treatment and the 300A microneedles, while between the 300S and 550A 

no significant differences in skin irritation were observed. Taking the Δa and blood flow 

data together, the assembled microneedle arrays result in less skin irritation than the solid 

ones. The effects observed are in agreement with data from Sivamani et al., who observed 

a higher maximum blood flow after microneedle application of methyl nicotinate 

compared with topical application [45].  
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Which microneedle arrays are most suitable to use for transdermal delivery and dermal 

vaccination purposes? The assembled microneedle arrays have the advantage that they 

disrupt the stratum corneum barrier to a higher extent, while they induce slightly less 

irritation. The most likely explanation for the difference in irritation and TEWL between the 

two needle types is the sharpness of the tips. The solid metal microneedles are 200 μm 

thick at the base and the tapered shaft of the needles has a length of approximately 280 

μm. The slope of the angle is therefore 45°. The assembled hollow metal microneedles are 

made from 30G needles, which are 300 μm thick at the base, but the tapered shaft of the 

needles has a length of approximately 1.2 mm. The angle is therefore more acute, resulting 

in a very sharp tip. For this reason, they can make deeper incisions into the skin, as is 

suggested by the presence of small blood spots on the skin surface after application of 

these microneedles. On the other hand, piercing with the solid microneedle arrays appears 

to form a larger cut and therefore causes slightly more skin damage and irritation. This 

could mean that the assembled microneedles increase penetration of drugs, without 

unwanted side effects caused by irritation. However, previous in vitro transport studies 

across human skin performed by Verbaan et al. showed that pre-treatment with the solid 

microneedle arrays resulted in significant higher fluxes of cascade blue than pre-treatment 

with the assembled microneedle arrays [40]. Chilcott et al. also postulated that there is no 

correlation between increased TEWL levels and increased transdermal transport [46]. 

Further transport studies have to be performed to confirm the significant difference 

between solid and assembled microneedles in vivo. In case of dermal vaccination, the 

irritation caused by the solid microneedle arrays could be an advantage. It was shown that 

mechanical barrier disruption induces cytokine release and in that way initiates an 

inflammatory reaction [28, 29]. The Langerhans cells that are recruited to the site of 

irritation can take up antigens and consequently initiate an immune response. In this way 

the irritation caused by the microneedle arrays could function as an enhancer. Langerhans 

cells are located in the lower epidermis [47], that is approximately 150 μm thick [48]. 

Verbaan et al. postulated that microneedle arrays do not pierce the skin with their full 

length, because they have to overcome the bulk elastic tissue compression of the skin [14]. 

It is therefore advisable to use microneedles that are longer than 150 μm. From this study 

can be concluded that the minimal length should be 300 µm, because shorter needles did 

not pierce the skin. 

To further evaluate the irritation data, we performed a pilot study in which we compared 

the TEWL, redness and blood flow values to those directly after tape stripping. We chose 

for tape stripping as this has been used for many years and is reported to be non-invasive 

[32]. After 10 tape strips the TEWL reached values of 15 g h-1 m-2 and remained at that 

value for at least 2 hours. This was higher than after treatment with the 550S. This larger 

increase in barrier disruption was accompanied by a higher degree of irritation. The Δa and 
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increase in blood flow after 10 tape strips were 4 AU and 160 AU respectively, which is 

higher than the Δa of 2 AU and the increase in blood flow of 140 AU reached after 

application of the 550S. The effect of tape stripping on the blood flow was short lasting, 

similar to the effect of the microneedle arrays. Only after removing 30 tape strips the 

blood flow appeared to remain elevated for 2 hours. The Δa after removing 10, 20 or 30 

tape strips lasted longer than after application of the microneedle arrays, probably 

because with tape stripping the stratum corneum is removed and more superficial damage 

is done. Previously, Li et al. studied the effects of iontophoresis on TEWL and skin redness 

[49]. They found comparable redness values (Δa of 4 AU) to the values we obtained after 

microneedle application, but the redness persisted for a longer time. In this study also 

increased TEWL values were observed, but it is difficult to compare these values to the 

values obtained in our study, as the skin was hydrated with buffer solution for the duration 

of the iontophoresis and this also causes an increase in TEWL. 

In conclusion, this study has shown that application of solid and assembled metal 

microneedle arrays with a length of up to 550 μm can be used to overcome the barrier 

function of the skin. Furthermore, human volunteers perceived their application as 

painless. Finally, it causes only minimal irritation in comparison to for instance tape 

stripping, which is accepted to be non-invasive. The shape and the length of the 

microneedle arrays have an influence on the degree of irritation, but for all microneedle 

arrays the irritation is short lasting.  
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