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Abstract 14 

Microcontainers, which are microfabricated cylindrical devices with a reservoir function, have shown promise 15 

as an oral drug delivery system for small molecular drug compounds. However, they have never been evaluated 16 

against a relevant control formulation. In the current study, we prepared microcrystalline cellulose (MCC) 17 

microspheres as a control for in vitro and in vivo testing of SU-8 microcontainers as an oral drug delivery 18 

system. Both dosage forms were loaded with paracetamol and coated with chitosan or polyethylene glycol 19 

(PEG) (12 kDa). These coatings were followed by an additional enteric coating of Eudragit® S100. In addition, 20 

a control dosage form was coated with Eudragit® alone. The dosage forms were evaluated in vitro, in a 21 

physiologically relevant two-step model simulating rat gastrointestinal fluids, and in vivo by oral 22 

administration to rats. In vitro, the microcontainers coated with PEG/Eudragit® resulted in a prolonged release 23 

of paracetamol compared to the respective microspheres, which was consistent with in vivo observations of a 24 

later time (Tmax) for maximum plasma concentration (Cmax) for the microcontainers. For microspheres and 25 

microcontainers coated with chitosan/Eudragit®, the time for complete in vitro release of paracetamol was very 26 

similar, due to an earlier release from the microcontainers. This trend was supported by very similar Tmax values 27 

in vivo. The in vitro in vivo relation was confirmed by a linear regression with R2 = 0.9, when Tmax for each 28 

dosage form was plotted as a function of time for 90 % paracetamol release in vitro. From the in vivo study, 29 
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the average plasma concentration of paracetamol 120 min after dosing was significantly higher for 30 

microcontainers than for microspheres (0.3 ± 0.1 µg/mL and 0.1 ± <0.1 µg/mL, respectively) – regardless of 31 

the coating applied.  32 

 33 

 34 

 35 
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1. Introduction 39 

Drug absorption following oral administration occurs in the gastrointestinal tract, mainly in the small intestine, 40 

where the intestinal fluids dissolve the drug prior to absorption (1). The gastrointestinal tract presents several 41 

obstacles for a drug to arrive functional at the absorption site; including varying pH values and the mucus 42 

barrier (2,3). Therefore, numerous methods are applied in order to protect the drug until reaching the desired 43 

site of absorption. Traditional dosage forms like tablets and capsules release the drug in a multidirectional 44 

manner in the intestinal lumen, and thus, only a part of the dose will be close to the epithelium available for 45 

systemic absorption.  46 

 47 

Recently, an increased focus has been on developing micro-sized formulations that can serve as oral vehicles 48 

for drug encapsulation. Micro-sized formulations can protect the drug from the acidic environment in the 49 

stomach and facilitate release at the absorption site (4,5). Examples of such micro-sized formulations are 50 

microspheres and microcontainers. For example, Zhu et al. developed microspheres with a three-layer structure 51 

consisting of Eudragit®, chitosan and pH sensitive hydroxypropyl methylcellulose acetate maleate for local 52 

delivery of berberine hydrochloride. The aim was to enhance the local drug concentration and retention time 53 

in order to eradicate the Helicobacter pylori infection in patients with duodenal ulcer. The authors reported a 54 

three times larger AUC for berberine hydrochloride dosed in microparticles compared to a suspension (6).  55 

 56 

In contrast to microspheres, microcontainers are polymeric, cylindrical devices in the micrometer size-range, 57 

with an inner cavity (7,8). They can be produced in a material known as SU-8 (an epoxy polymer) (7–9) or in 58 

a biodegradable material such as polycaprolactone  (PCL) or poly-L-lactic acid (PLLA) (10,11). The cavity 59 

can be loaded with drug and covered with a pH-sensitive lid to ensure unidirectional release of the drug at the 60 

desired absorption site. Additionally, the top surface of the microcontainers can be functionalized using nano- 61 

or micro-structures, as well as bioadhesive polymers, in order to control the orientation of the microcontainer 62 

in vivo (12,13). For poly(methyl methacrylate) (PMMA) microcontainers developed to enhance the 63 

bioavailability of poorly permeable drugs, Chirra et al. showed enhanced in vivo retention in the upper part of 64 
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the small intestine when compared to microparticles. Moreover, a 450 % increase in oral bioavailability for 65 

acyclovir in  microcontainers was observed when compared to drug in solution after oral dosing to mice (14).  66 

 67 

The in vivo performance of SU-8 microcontainers has previously been compared to drug powder-filled gelatin 68 

capsules, for example with furosemide and ketoprofen (7,9). In both cases, the microcontainers were coated 69 

with a pH-sensitive polymer. The microcontainers resulted in a 220 % relative oral bioavailability of 70 

furosemide compared to the powder-filled capsule (7). Mazzoni et al. demonstrated 180 % increase in relative 71 

oral bioavailability (0-4 h) of ketoprofen in rats, when compared to a powder-filled capsule (9). Recently, 72 

biodegradable PCL microcontainers were fabricated by compression molding, loaded with paracetamol and 73 

evaluated in a pharmacokinetic study in rats. The in vivo pharmacokinetic study presented trends towards 74 

delayed and sustained absorption of paracetamol from PCL microcontainers compared to powder in a gelatin 75 

capsule as control, with a time until maximum plasma concentration (Tmax) of 59 ± 31 min and 38 ± 26 min, 76 

respectively (11). Microcontainers have also been applied to confine amorphous indomethacin to lower the 77 

extent of crystallization, and they have shown promising preliminary results for oral delivery of cubosomes in 78 

relation to oral vaccine delivery and for eradication of bacterial biofilms (8,15–17). Thus, many different 79 

applications for microcontainers in oral drug delivery are continuously explored. 80 

 81 

Although several studies have been carried out to evaluate the performance of microcontainers in vitro and in 82 

vivo, a powder filled capsule or drug in solution has traditionally been used as control. However, a drug in 83 

solution or as free powder is not the ideal control since microdevices are typically developed as an alternative 84 

to a drug formulated as particles or tablets. Therefore, the use of gelatin capsules as a control for 85 

microcontainers has been debated, and there is a need to develop a more relevant control dosage form in order 86 

to evaluate the true impact of microcontainers as a vehicle for oral drug delivery in vitro and in vivo.  87 

 88 

Mucoadhesion is an important parameter in order to prolong retention time and increase drug concentration at 89 

the absorption site (18,19). To facilitate mucoadhesion, microdevices can be coated with mucoadhesive 90 

polymers such as chitosan or high molecular weight polyethylene glycol (PEG) (20,21). Recently, the adhesive 91 
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properties of microcontainers coated with PEG (12 kDa) or chitosan on top of a layer of PLGA were 92 

investigated ex vivo on porcine intestinal tissue. The microcontainers coated with PEG or chitosan showed to 93 

be two times more adhesive than the ones without coating or only coated with PLGA, determined by the 94 

number of microcontainers adhering to the porcine intestinal tissue under flow (22). Chitosan has also led to 95 

50 % higher ex vivo mucoadhesion of chitosan microspheres compared to ethyl cellulose microspheres (23).  96 

 97 

The present study aims to investigate microcontainers as an oral drug delivery system compared to relevant 98 

microsphere control groups. Thus, paracetamol-loaded SU-8 microcontainers and microcrystalline cellulose 99 

(MCC) microspheres in a similar size range were prepared, and both coated with either chitosan or PEG below 100 

a layer of the pH-sensitive polymer Eudragit® S100 (Figure 1). MCC was chosen for the microsphere core, 101 

since it resulted in robust microspheres within the desired size with an acceptable size distribution, which did 102 

not alter the release kinetics of paracetamol. Thereby, it was found to be the best excipient for the specific 103 

purpose. There are differences between microcontainers and microspheres regarding material, geometry and 104 

the preparation techniques applied. However, the aim of this study is not to compare two identical dosage 105 

forms, but to compare microcontainers to a different oral particular dosage form in the same size-range. 106 

Therefore, coated microspheres are a relevant comparison to microcontainers when evaluating the drug release 107 

in vitro and drug absorption in vivo. Chitosan and PEG were chosen since these polymers have mucoadhesive 108 

properties (21,22,24). Hence, chitosan and PEG could result in a different pharmacokinetic profile than 109 

Eudragit® when applied on the microcontainers and microspheres. Due to the low solubility of chitosan at pH 110 

values above 6 (25), we hypothesized that this coating would result in a slower release of paracetamol 111 

compared to PEG/Eudragit® and Eudragit® alone.  Paracetamol was chosen as a model drug due to high oral 112 

bioavailability (26) and since it is well-known that it is not absorbed from the stomach, but rapidly absorbed 113 

upon entry into the small intestine (27).  Thus, the dosage forms alone will decide when paracetamol is 114 

available for absorption. 115 

 116 
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 117 

Figure 1. Schematic of the workflow in the preparation of microcontainers and microspheres. A: Microcontainers 118 
made of the epoxy polymer SU-8 were loaded with paracetamol, coated with chitosan or PEG (blue) and finally enteric 119 
coated with Eudragit® S100 (dark green). B: Microspheres, produced of MCC and paracetamol by dry mixing, 120 
granulation, and spheronization, were coated with chitosan or PEG (blue) and finally enteric coated with Eudragit® 121 
S100 (dark green). For both dosage forms, a control group was coated with Eudragit® S100 alone. 122 

 123 

2. Material and Methods  124 

2.1 Materials 125 

Sodium chloride and chloroform were obtained from VWR (Radnor, PA, USA), whereas 4-(2-hydroxyethyl)-126 

1-piperazineethanesulfonic acid (HEPES) and trifluoroacetic acid were acquired from Roth (Karlsruhe, 127 

Germany). Eudragit® S100 was purchased from Evonik Industries (Darmstadt, Germany), and PEG (12 kDa) 128 

was obtained from FLUKA, part of Fischer Scientific (Hampton, NH, USA). Chitocoat® for chitosan coating 129 

of microspheres was obtained from Freund Corporation (Tokyo, Japan). Lyso-PC (purity: 80 %) and 130 

phosphatidylcholine (purity: 99.1 %), both from soybean oil, were kindly donated from Lipoid (Steinhausen, 131 

Schwitzerland). Chlorophyll Cl, erythrosine and tartrazine were from Caldic (Rotterdam, Netherlands). 132 

Chloroform and Sodium chloride were purchased from VWR (Radnor, PA, USA). All other chemicals were 133 

bought from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water was provided from an Ultra Clear water 134 

system produced by Siemens (Munich, Germany).  135 

 136 

2.2 Fabrication and loading of microcontainers 137 
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For in vitro release studies, SU-8 microcontainers with an outer diameter of 320 µm were fabricated on silicon 138 

wafers as previously described (8,28). For the animal study, microcontainers on fluorocarbon coated silicon 139 

wafers were used, in order to ease the release of the microcontainers from the wafer (7,8). All microcontainers 140 

had an inner diameter of 232 ± 1 µm and an inner height of 217 ± 5 µm (mean ± SD, n = 4). After fabrication, 141 

the wafers were divided into chips of 12x12 mm each containing 625 microcontainers. The chips were 142 

manually loaded with paracetamol using a shadow mask and a brush to distribute the powder homogeneously 143 

(29). The chips were weighed before and after loading to determine the amount of paracetamol loaded into the 144 

625 microcontainers. To ensure sufficient and homogenous loading, the chips were visually inspected using a 145 

tabletop scanning electron microscope (SEM), TM3030Plus (Hitachi, Tokyo, Japan).  146 

 147 

2.3 Coating of microcontainers by spray coating 148 

Each loaded microcontainer chip was coated with either chitosan (low MW, 50-190 kDa) and Eudragit®, PEG 149 

and Eudragit® or Eudragit® alone (Table 1). The coating process was carried out as previously described (22). 150 

Briefly, the paracetamol-loaded microcontainer chips were coated one at a time using an ultrasonic spray coater 151 

equipped with an Accumist nozzle operated at 120 kHz (Sono-Tek, USA). Each chip was coated with two 152 

alternating spray paths having an offset of 2 mm, resulting in 240, 140, or 60 passages for chitosan, PEG, and 153 

Eudragit®, respectively. The additional settings were varied depending on the polymer (Table 1).   154 

 155 

Table 1: Composition of the polymer solutions applied onto the microcontainers and the process parameters applied on 156 
the spray coater during the coating process for the different polymers.  157 

 Chitosan PEG Eudragit® S100 

Concentration (% w/v) 0.5 0.5 1.0 

Solvent Acetic acid* Dichloromethane Isopropanol# 

Plasticizer None None Dibutylsebactate¤ 

Generator power (W) 1.3 1.3 2.2 

Flow rate (mL/min) 0.1 0.1 0.1 

Nozzle speed (mm/s) 25 10 10 

Shaping air (kPa) 0.01 0.03 0.02 

Temperature (˚C) 50 No heating 40 

*0.1 M in water 158 
#with 2 % v/v ultrapure water 159 
¤5 % w/w dibutyalsebactate/Eudragit® S100 160 
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Additionally, flat silicon chips with a layer of SU-8 on top were spray coated with the polymer solutions, using 161 

the same procedure as above, to evaluate the coating thicknesses. The thickness measurements were performed 162 

with a KLA-Tencor Alpha-Step IQ stylus profilometer (Milpitas, CA, USA) with a scan speed of 50 μm/s and 163 

force of 0.15×10-3 N (selected as 15.3 mg in the instrument software).  164 

 165 

2.4 Preparation and size characterization of microspheres 166 

Microspheres consisting of 90 % (w/w) MCC and 10 % (w/w) paracetamol were produced by wet granulation 167 

carried out in a high shear mixer (Kenwood, Roskilde, Denmark). Prior to granulation, the powder was mixed 168 

manually and by high shear mixing to achieve a uniform powder blend. The granulation (250 g powder 169 

mixture) was terminated after addition of 200 mL deionized water in a granulation liquid rate of 3.3 g/min (5 170 

min wet-massing time). The granules were transferred to a Caleva Multilab spheronizer (Caleva, Dorset, 171 

England) immediately after granulation, to obtain spherical granules (microspheres). Rotation was set to 1,700 172 

RPM, and the duration of the spheronization process was 10 min. The obtained microspheres were dried in the 173 

oven for 8 h at 60°C. 174 

Subsequently, the obtained microspheres were subjected to sieve fractionation. Only microspheres sieved 175 

through a 300 µm sieve were collected and the size distribution was determined in a Malvern Mastersizer 176 

(Malvern, Royston, England). Additionally, the size and morphology of the produced microspheres were 177 

evaluated in a tabletop SEM, TM3030Plus (Hitachi, Tokyo, Japan).   178 

 179 

2.5 Coating of microspheres in a fluid bed coater 180 

The microspheres were coated with the same three polymers as the microcontainers; chitosan, PEG and 181 

Eudragit® S100 (Table 2). The microspheres were coated in a fluid bed VLF lab micro coater (Freund-Vector 182 

Corporation, Tokyo, Japan). They were coated with the same three polymers as the microcontainers; chitosan, 183 

PEG and Eudragit® S100, but due to the nature of the two methods, slightly different solvents and plasticizers 184 

were used (Table 2).  185 
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An amount of 40 g of microspheres was coated at a time, and the parameters were varied depending on the 186 

coating solution and three colorants (0.01 % w/v) were added in order to evaluate the coating coverage (Table 187 

2).  188 

 189 

Table 2: Composition of the polymer solutions applied on the microspheres and process parameters applied on the fluid 190 
bed coater during the coating process for the different polymers.  191 

 Chitosan PEG Eudragit® S100 

Concentration (% w/v) 2 5 2 

Solvent Acetic acid Ultrapure water Isopropanol* 

Plasticizer Glycerol# None Dibutylsebactate¤ 

Colorant Erythrosine Tartrazine Chlorofyll 

Airflow (LPM) 160 120 120 

Nozzle air (PSI) 20 23 8 

Inlet air (˚C) 60 40 30 

Pump speed (RPM) 5 3 10 

Flow rate (mL/min) 0.48 0.34 1.5 

Coating time (h) 4.7 3.9 4.4 
*with 4 % v/v ultrapure water 192 
#1 % v/v  193 
¤0.1 % v/v dibutyalsebactate 194 
 195 

Coating thicknesses for PEG and chitosan were evaluated in a tabletop SEM, TM3030Plus (Hitachi, Tokyo, 196 

Japan). The coating thickness of Eudragit® was calculated as the volume of coating solution applied divided 197 

by the total surface area of 40 g microspheres with a size of 300 µm.  198 

 199 

2.6 In vitro release of paracetamol from microcontainers and microspheres  200 

The release of paracetamol from microcontainers and microspheres coated with chitosan/Eudragit®, 201 

PEG/Eudragit® or Eudragit® alone was determined using a µDISS ProfilerTM (Pion, MA, USA). The drug 202 

release was studied in a two-step dissolution model simulating rat gastrointestinal fluids, developed by 203 

Christfort et al. (30). Briefly, the model included a gastric step (pH 2.4, 230 mOsm/kg, 1.3 mM sodium 204 

taurocholate and 0.8 mM lysophosphatidylcholine) followed by an intestinal step (pH 7.5, 312 mOsm/kg, 24.1 205 

mM sodium taurocholate and 3.7 mM lysophosphatidylcholine). The dissolution study was run for 30 min 206 

with 10 mL gastric medium, where after 5 mL of a concentrated bile buffer (pH 7.5, 476 mOsm/kg, 69.7 mM 207 

sodium taurocholate and 9.5 mM lysophosphatidylecholine) was added to achieve the composition of the 208 
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intestinal medium. For preparation of the gastric medium and the bile buffer, the required amount of a stock 209 

solution of lysophosphatidylcholine in chloroform (300 mM) was pipetted and a lipid film was formed by 210 

complete evaporation of the solvent under a steady stream of nitrogen. Sodium taurocholate and sodium 211 

chloride were added to achieve the desired bile acid concentrations and osmolality and HCl (4mM) or HEPES 212 

buffer (300 mM) was added in case of the gastric medium and the bile buffer, respectively. The gastric medium 213 

and the bile buffer were stirred overnight at 37 ˚C and the next day, the pH was adjusted to the desired value 214 

followed by addition of solvent to reach volume. Before conducting the release studies, a calibration curve 215 

was prepared for each step by addition of different volumes of a paracetamol in water stock solution to either 216 

10 mL of rat gastric medium (RGM) or 15 mL of rat intestinal medium (RIM). The UV absorbance was 217 

measured in the range of 290-320 nm, by using the range function available in the µDiss software. Reference 218 

spectra were collected to ensure that there was no interference by potential absorbance from other excipients 219 

or the media. Additionally, the second derivative function in the µDiss software was applied for the 220 

calculations, which removes the majority of any potential background noise or interference.  221 

For the microcontainers, a chip was placed on top of a cylindrical magnetic stirring bar with double sided 222 

carbon tape, transferred to a sample vial and covered with 10 mL RGM at the same time as the experiment 223 

was started. Studies were performed at 37˚C with a stirring rate of 100 RPM, and the path length of the UV 224 

probes was 2 mm. UV measurements were carried out every 10 s with a total run time of 30 min. After 30 min, 225 

the calibration curve for RIM was utilized and 5 mL bile buffer was added at the same time as the experiment 226 

was started. UV measurements were carried out every 10 s until a paracetamol release of 100 % was observed 227 

(within 30–100 min).  228 

For the microspheres, the experiments were overall conducted in the same release media and time intervals as 229 

for the microcontainers. An amount of microspheres corresponding to 2 mg paracetamol was added to the 230 

sample vial and a stirring rate of 150 RPM was applied to avoid sedimentation. UV probes with a path length 231 

of 1 mm was utilized to detect paracetamol as described for the microcontainers. Both release studies were 232 

performed in triplicates. 233 

 234 

2.7 In vivo pharmacokinetic studies in rats 235 



11 
 

The in vivo performance of coated microcontainers and microspheres was evaluated in a pharmacokinetic study 236 

in rats. The protocol was approved by the Animal Welfare committee, appointed by the Danish ministry of 237 

Justice and all animal procedure were carried out in compliance with EC Directive 86/609/EEC and with 238 

Danish law regulating experiments on animals, under license 2016-15-0201-00892. Male Sprague-Dawley rats 239 

(301-353 g at the time of the study) were purchased from Janvier Labs (Le Genest-Saint-Isle, France) and 240 

acclimatized for a minimum of 7 days on standard feed with free access to water. The rats were housed under 241 

controlled environmental parameters (temperature: 22.1˚C, relative humidity: 57 %), and with reversed light 242 

cycle (12 h/12 h). Before starting the experiment, the animals were fasted for approximately 13 h in the inactive 243 

part of their cycle, like previously described (30).  244 

 245 

Microcontainers (manually scraped off the silicon chips) and microspheres were filled into gelatin capsules 246 

(Torpac® size 9, Fairfield, NJ, USA).  The study included six groups of six rats each, all dosed with 7.5 ± 1.5 247 

mg paracetamol/kg. In three of the groups, the rats were dosed with microcontainers coated with either 248 

chitosan/Eudragit®, PEG/Eudragit® or Eudragit® alone. In the remaining three groups, the rats were dosed with 249 

the corresponding microspheres (i.e. chitosan/Eudragit®, PEG/Eudragit® or Eudragit® alone). The rats from 250 

each group were randomly divided out between the different days of the experiment. One capsule was 251 

administered to each rat by oral gavage with a polyurethane feeding tube (Instech Laboratories Inc., Plymouth 252 

Meeting, USA). Blood samples (200 µL) were collected from the tail vein before dosing and at 10, 20, 30, 45, 253 

60, 90, 120 min, 3 and 6 h after dosing. After the 6 h sample, the rats were given access to standard feed. At 254 

23 h, the rats were euthanized by gassing and a blood sample was withdrawn from the heart immediately after. 255 

All blood samples were collected in ethylenediaminetetraacetic acid (EDTA) tripotassium salt dihydrate coated 256 

tubes (Sarstedt, Helsingborg, Sweden), and centrifuged at 10,000 RPM for 10 min. After centrifugation, the 257 

plasma was transferred to polypropylene microtubes and stored at -20˚C until high-performance liquid 258 

chromatography (HPLC) analysis.  259 

 260 

The pharmacokinetics of paracetamol in plasma of individual rats were determined from non-compartmental 261 

analysis, including the maximum plasma concentration (Cmax), Tmax and the area under the plasma 262 
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concentration time curve (AUC). All results were normalized in relation to the weight of the rat and the amount 263 

of paracetamol dosed. Furthermore, the relative bioavailability was determined in relation to the Eudragit® 264 

formulation, for both the chitosan/Eudragit® and PEG/Eudragit® formulations. 265 

 266 

2.8 High-performance liquid chromatography (HPLC) analysis of plasma samples 267 

HPLC analyses were carried out using a Dionex Ultimate 3000 pump, equipped with a Dionex Ultimate 3000 268 

autosampler and wavelength detector. The mobile phases consisted of A: Milli-Q water with 0.1 % v/v 269 

trifluoracetic acid and B: acetonitrile, and the samples were run with an isocratic method with an A:B mobile 270 

phase ratio of 95:5 v/v. A Kinetex 5.0 µm C18 100 Å, 100 x 4.6 mm column (Phenomenex ApS, Værløse, 271 

Denmark) was used for the analyses and samples were run at 25˚C.  272 

Prior to analysis, the plasma samples were mixed 1:1 (v/v ratio) with trichloroacetic acid (10 %). After mixing, 273 

the samples were centrifuged at 10,000 RPM for 10 min and the supernatant was transferred to HPLC vials 274 

with 300 µL flat bottom inserts (Frisenette, Knebel, Denmark). Calibration curves were prepared from stock 275 

solutions of paracetamol in water, where accurate volumes were mixed with plasma and trichloroacetic acid 276 

(1:1 v/v ratio) and treated the same way as the samples. A volume of 20 µL was injected and the flow rate was 277 

0.8 mL/min with a run time of 10 min for each sample. The absorbance was measured at 243 nm. 278 

 279 

2.9 Statistical analysis 280 

The results are shown as the mean ± error, and it is defined in the sections whether standard deviation (SD) or 281 

standard error of the mean (SE) was used. Statistical analyses were carried out in GraphPad Prism version 6.0 282 

(GraphPad software Inc., La Jolla, CA, USA). Statistical differences were determined using Student’s t-test 283 

where p-values below 5 % were considered significant. 284 

 285 

3 Results and discussion 286 

To evaluate microcontainers against a relevant control and furthermore investigate how chitosan and PEG 287 

affect the pharmacokinetic profile, the polymers were applied on paracetamol-loaded microcontainers and 288 

microspheres with Eudragit® S100 as an outer enteric coating. Paracetamol was used as a model drug since it 289 
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is known to be absorbed as soon as it is available in solution in the small intestine (27), thus the limiting factor 290 

for absorption of paracetamol was the influence of the coating. The paracetamol release from the coated 291 

microcontainers and microspheres was evaluated in vitro and the absorption of paracetamol was evaluated in 292 

vivo. 293 

 294 

3.1 Preparation of paracetamol-loaded microcontainers 295 

Each chip with microcontainers was loaded with 3.1 ± 0.4 mg paracetamol (mean ± SD, n = 12), corresponding 296 

to 5 µg in each microcontainer and a loading percentage of 21 % (w/w) paracetamol compared to SU-8. The 297 

microcontainers were coated with chitosan/Eudragit®, PEG/Eudragit® or Eudragit® alone (Section 2.2 and 2.3).  298 

The microcontainers were visualized by SEM (Figure 2) before and after coating, showing that uniform 299 

coatings were covering the cavity of the drug-loaded microcontainers for all the formulations. Microcontainers 300 

with a similar appearance have previously been successfully coated with the same technique and X-ray 301 

Computed Tomography (CT) was applied to confirm an intact coating on the entire top surface (9). Height 302 

measurements revealed a chitosan layer of 6 ± 1 µm (mean ± SD, n = 3), a PEG layer of 73 ± 14 µm (mean ± 303 

SD, n = 3) and a Eudragit® layer of 40 ± 8 µm (mean ± SD, n = 3). An example of the Eudragit® coating can 304 

be seen in Figure 2B. The thicknesses of the chitosan and Eudragit® layers were comparable with previously 305 

reported values obtained by spray coating (11,22). Regarding PEG, a previous study investigated the effect of 306 

microcontainer coating layer thickness on mucoadhesion on porcine intestinal tissue ex vivo and release of 307 

furosemide. Here, it was found that the thickest PEG layer resulted in the best adhesion properties and did not 308 

affect the release profile compared to a five times thinner layer (unpublished data). 309 
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 310 

Figure 2: SEM images of microcontainers on a silicon chip. A: Microcontainers loaded with paracetamol. B: 311 
Microcontainers loaded with paracetamol and coated with Eudragit® S100. 312 
 313 

3.2 Preparation of paracetamol-loaded microspheres 314 

Microspheres consisting of 90 % (w/w) MCC and 10 % (w/w) paracetamol were obtained by wet 315 

granulation followed by spheronization (Section 2.4). The morphology examination of the microspheres 316 

before spheronization showed an uneven and aspherical surface (Figure 3A). These irregular surfaces and 317 

cracks could have an undesirable effect on the later coating process and thereby result in an uneven or 318 

broken coating as reported in previous studies (31–33). However, after spheronization, the microspheres 319 

appeared spherical with a smooth surface (Figure 3B). The particle size was normally distributed with an 320 

average particle size of 352 µm, where 90 % of the microspheres were found to be larger than 247 µm, 321 

50 % larger than 340 µm and 10 % larger than 470 µm. Some of the microspheres appeared round and some 322 

ellipsoid shaped, which might have increased the size distribution. The average particle size of 352 µm was 323 

very similar to the size of the microcontainers (320 µm in outer diameter). For future studies, it would also 324 

be interesting to make the size of the microspheres even more consistent and to study microspheres with a 325 

surface area normalized to the surface area of the microcontainers, but for the present study, it was decided 326 

to focus on the overall size of the microspheres. 327 

 328 
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 329 

Figure 3: SEM images of microspheres A: before spheronization, B: after spheronization, C: coated with chitosan 330 
and D: coated with PEG. 331 

 332 

Following spheronization, the microspheres were coated in a fluid bed coater with chitosan/Eudragit®, 333 

PEG/Eudragit® or Eudragit® alone (Section 2.5). The thicknesses of the chitosan and PEG layers were 334 

measured to be approximately 5 µm from a cross sectional SEM image (Figure 3C and D). The Eudragit® layer 335 

was calculated to be 10 µm. Thus, different coating thicknesses were observed between microcontainers and 336 

microspheres; while the thickness of the chitosan layer was approximately the same, the PEG and the Eudragit 337 

layer was significantly thicker for the microcontainers as compared to the microspheres. Different coating 338 

thicknesses can be expected as different coating methods were applied to the two different geometries. 339 

 340 

3.3 In vitro release of paracetamol from microcontainers and microspheres  341 
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The influence of the three coatings on the release of paracetamol from the microcontainers and microspheres 342 

was investigated in a two-step in vitro release model, simulating rat gastro-intestinal conditions (Figure 4). 343 

 344 

Figure 4: Paracetamol in vitro release profiles as a function of time from A: Coated microcontainers or B: Coated 345 
microspheres in rat gastric medium (from 0 to 30 min) and rat intestinal medium (from 30 min onwards). The 346 
microcontainers and microspheres were coated with: = chitosan/Eudragit® S100, = PEG/Eudragit® S100 or = 347 
Eudragit® S100. Data represents mean ± SD, n = 3. 348 

 349 

For the microcontainers coated with chitosan/Eudragit® the in vitro release of paracetamol was unaffected by 350 

the type of medium applied (Figure 4A). Paracetamol was released in the gastric step until approximately 60 % 351 

of the loaded amount of paracetamol was released after 30 min, which was much higher than expected for 352 
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Eudragit® coatings. After change to intestinal conditions, the release followed a similar slope until 102 ± 7 % 353 

of the loaded paracetamol was released after 60 min in total (Figure 4A). This release curve indicates that both 354 

coatings were removed in the beginning of the gastric step. The reason could be that the Eudragit® layer was 355 

not completely covering the chitosan layer. Since chitosan is readily soluble in the RGM, this led to a removal 356 

of the covering Eudragit® layer already in the gastric step.  For the PEG-coated microcontainers, approximately 357 

10 % of the loaded amount of paracetamol was released in the gastric step (Figure 4A). A small release (10-358 

20 %) during the gastric step was expected based on previous experience with release from Eudragit® coatings 359 

(7,9). When the medium was changed to RIM after 30 min, the release rate increased and continued with the 360 

same slope until 65 min after the addition, where 100 ± 3 % of the loaded paracetamol was released. The 361 

paracetamol release from the microcontainers coated with PEG appeared to be larger than for the other 362 

formulations. An explanation for this could be challenges with the uniformity of the coating layer, possibly 363 

due to a fast evaporation of dichloromethane when applying PEG onto microcontainers. For the 364 

microcontainers only coated with Eudragit®, a paracetamol release of less than 5 % was observed during the 365 

gastric step (Figure 4A). When the medium was changed to RIM after 30 min, a linear increased release was 366 

observed until approximately 90 min, where 98 ± <0.5 % was released. Interestingly, the release rate was 367 

similar to the release rate from the chitosan/Eudragit® coated microcontainers (Figure 4A), indicating a 368 

paracetamol release corresponding to the release from an uncoated container. After 90 min, the release slowed 369 

down, until a release of approximately 100 % (100 ± <0.5 %) was obtained after 110 min in total.  370 

 371 

For all microspheres, the release of paracetamol in RGM was less than 5 % (Figure 4B). After changing to 372 

RIM, the microspheres coated with chitosan/Eudragit® released 90 ± 5 % of the loaded paracetamol after 50 373 

min and 100 ± 4 % after 60 min. The microspheres coated with PEG/Eudragit® released most of the loaded 374 

paracetamol within 10 min in RIM, and after 38 min, 92 ± 6 % was released. The release continued and reached 375 

98 ± 1 % after 60 min. The fastest release in RIM was seen from the microspheres coated with Eudragit® alone, 376 

where 90 ± 6 % paracetamol was released after 38 min and completed after 43 min (Figure 4B).  377 

 378 
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It was hypothesized that chitosan would result in a slower release of paracetamol than PEG and Eudragit® due 379 

to the low solubility of chitosan at pH values above 6 (25). For the microspheres coated with 380 

chitosan/Eudragit®, there was a tendency for a slower release in RIM, but this was not observed for the 381 

microcontainers, where the chitosan/Eudragit® coating in fact resulted in the earliest release already in RGM. 382 

The absence of enteric properties when applied in combination with Eudragit® on microcontainers can be due 383 

to the sharper edges on the microcontainers that are not present on the microspheres, or due to an insufficient 384 

Eudragit® coating on some of the microcontainers resulting in swelling of chitosan and thereby loss of the 385 

enteric coating. Also, chitosan and Eudragit® are well-known to interact due to their opposite charges (34,35), 386 

which might have been a part of the reason for the unexpected release of paracetamol during the gastric step. 387 

All in all, a functional Eudragit® coating seems to be highly dependent on the dosage form and underlying 388 

coating.   389 

 390 

The observed in vitro release of paracetamol from the formulations coated with Eudragit® alone was expected 391 

for both the microcontainers and the microspheres, as the coating dissolves at pH values above 7.0. Based on 392 

the release profiles, the applied Eudragit® layer is of a sufficient quality and thickness to protect paracetamol 393 

through the gastric acidic environment and provide full release within a reasonable time (of 20 – 30 min) in 394 

intestinal conditions. For both the PEG and Eudragit coatings, the microspheres provided a faster release of 395 

paracetamol than the microcontainers. This could be due to the difference in the thickness of the coating layers 396 

on the two dosage forms, but it could also indicate that the paracetamol release was not only dependent on the 397 

coating, but also on the geometry of the vehicles. Thus, the slower release from the microcontainers would be 398 

due to the unidirectional dissolution of paracetamol from the cavity of the microcontainers compared to a faster 399 

dissolution in all directions from the microspheres.  400 

 401 

3.4 In vivo pharmacokinetic study in rats 402 

The in vivo performance of the microcontainers and microspheres was investigated by administration of 403 

microcontainers or microspheres in gelatin capsules to rats using oral gavage. The paracetamol 404 
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concentration in plasma was followed over time (Figure 5) and the non-compartmental pharmacokinetic 405 

parameters of paracetamol following oral administration to rats were determined (Table 3). 406 

 407 

 408 

 409 

Figure 5: Plasma concentration of paracetamol over 23 h after oral administration to rats of A: Coated 410 
microcontainers or B: Coated microspheres. The microcontainers and microspheres were coated with: = 411 
chitosan/Eudragit® S100, = PEG/Eudragit® S100 or = Eudragit® S100. The inserts show the same respective 412 
profiles, but zoomed in on the first 3.5 h of the study. Data represents mean ± SE, n = 5-6. 413 

 414 

For both microcontainers and microspheres, paracetamol was detected in the blood only 10 min after dosing 415 

(Figure 5). This indicates a very short gastric transit time in the fasted state since it is well-known that 416 

paracetamol is not absorbed from the stomach (27).  417 
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In general, AUC (0-23 h) and Cmax were found to be very similar between all the formulations (Table 3). The 418 

relative bioavailability for the chitosan and PEG formulations were calculated against the Eudragit® 419 

formulation (Table 3). A trend towards increased relative bioavailability of paracetamol could be observed 420 

for the double-coated formulations in general, which was more pronounced for the microcontainers and 421 

microspheres coated with chitosan (143 ± 46 % and 158 ± 40 %, respectively).  422 

Although the AUC(0-23 h) and Cmax were found to be similar, interesting differences could be observed from 423 

the Tmax values. For the double coated microcontainers, the time (Tmax) corresponding to the maximum 424 

plasma concentration (Cmax) was determined to be 40 ± 7 and 37 ± 7 min for chitosan/Eudragit® and 425 

PEG/Eudragit®, respectively. For the microcontainers coated with Eudragit® alone, Tmax was significantly 426 

later (68 ± 11 min) (Table 3). For the microspheres, the Tmax for the chitosan formulation was 43 ± 3 min, 427 

which was significantly later than the Tmax for the microspheres coated with PEG/Eudragit® and Eudragit® 428 

alone (20 ± 3 and 18 ± 2 min, respectively) (Table 3). 429 

 430 

Table 3: Non-compartmental pharmacokinetic parameters of paracetamol following oral administration to rats of 431 
microcontainer and microsphere formulation (mean ± SE, n = 5–6). MC: Microcontainers, MS: Microspheres. 432 

 Chitosan + Eudragit® S100 PEG + Eudragit® S100 Eudragit® S100 

 MC MS MC MS MC MS 

Tmax (min) 40 ± 7a,b,c 43 ± 3d,e,f 37 ± 7g,h,i 20 ± 3c,e,i,j 68 ± 11a,f,g,j,k 18 ± 2b,d,h,k 

Cmax (µg/mL) 1.2 ± 0.2 0.9 ± 0.1 1.3 ± 0.4 1.1 ± 0.1 0.7 ± 0.1 1.4 ± 0.6 

AUC(0-23 h) 

(µg·min/mL) 
125 ± 41 129 ± 34 111 ± 20 102 ± 18 96 ± 26 119 ± 14 

Relative bio-

availability (%)# 
143 ± 46 158 ± 40 121 ± 21 126 ± 22 - - 

a-k Indicate significant difference (p < 0.05) between the values marked with the same letters.  433 
# Relative bioavailability was determined in relation to the Eudragit® formulation. 434 
 435 

The mucoadhesive properties of chitosan have previously been shown to result in a higher degree of 436 

detainment ex vivo when applied as an outer layer on alginate micro particles (36), and both chitosan and 437 

PEG have been shown to increase ex vivo retention when applied as a coating layer on top of 438 

microcontainers (22). Thus, we hypothesized that the formulations coated with chitosan and PEG would 439 

result in a prolonged absorption compared to the formulations only coated with Eudragit®. However, this 440 

was only the case for the microspheres coated with chitosan and not for any of the microcontainer 441 
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formulations. A possible explanation for the fast Tmax for the chitosan coated microcontainers can be found 442 

in the in vitro data (Figure 4), which showed that the coatings most likely dissolved in the beginning of the 443 

gastric step. Thus, a potential mucoadhesive effect of chitosan would not only be lost, but paracetamol 444 

would also be released and dissolved already in the stomach and available for absorption much earlier.  445 

 446 

Comparison of the pharmacokinetic profiles for microcontainers and microspheres revealed overall 447 

differences between the two dosage forms. For the formulations coated with PEG/Eudragit® and Eudragit® 448 

alone, Tmax was observed significantly later for the microcontainers compared to the microspheres (37-68 449 

min for microcontainers and 18-20 min for microspheres). When considering all groups of microcontainers 450 

versus all groups of microspheres, the average plasma concentration of paracetamol after 2 h was 451 

significantly higher in the rats dosed with microcontainers versus microspheres (0.3 ± 0.1 µg/mL and 0.1 452 

± <0.1 µg/mL, respectively) – regardless of the coating applied. Thus, a significantly higher concentration 453 

of paracetamol was present in the plasma for a longer period of time after dosing with microcontainers in 454 

general. This phenomenon has previously been observed when evaluating microcontainers against other 455 

types of controls in vivo (7,11), and suggests a protective function of the reservoir and possibly an effect of 456 

a unidirectional and slower release, as previously suggested (7,9,13,14). In the present study, the 457 

performance of microcontainers is compared to one type of micro particle dosage form, but a prolonged 458 

release and absorption of paracetamol could also be achieved by formulation of other types of micro 459 

particles. For example, the use of sodium carboxymethylcellulose have been shown to prolong the release 460 

of paracetamol compared to MCC from spray-dried micro particles (37). The release of paracetamol and 461 

other drugs from the microcontainers can also be modified based on the coating applied. For example, a 462 

colon specific microcontainer dosage form has been developed by changing the coating applied to the 463 

microcontainers (38). 464 

 465 

From the in vitro and in vivo data presented above, it could be seen that the in vitro model ranked the 466 

microcontainers and microspheres similarly to what was observed from the in vivo pharmacokinetic study in 467 

rats. For the microspheres, the rank order of the release (release in vitro vs Tmax in vivo) was similar to what 468 
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was originally hypothesized both in vitro and in vivo; that paracetamol would be released slowest from the 469 

formulations coated with chitosan/Eudragit®, and fastest from the formulations only coated with Eudragit®. 470 

For the microcontainers, the rank order of Tmax also correlated with the in vitro study, but the rank order was 471 

opposite of what was hypothesized: Microcontainers coated with chitosan/Eudragit® resulted in an early Tmax, 472 

most likely because the coating was dissolved in the stomach (like it was observed in the gastric step in vitro). 473 

Although the microcontainers loaded with chitosan/Eudragit® and PEG/Eudragit® resulted in different in vitro 474 

release profiles (Figure 4A), the Tmax values for the two formulations were similar (Table 3). The reason for 475 

this irregularity is most likely that even though paracetamol was released from the chitosan-coated 476 

microcontainers already in the stomach, paracetamol is not subject to gastric absorption. Therefore, a fast 477 

release and dissolution of PEG upon entry into the small intestine could result in a similar Tmax for these two 478 

formulations, whereas the paracetamol absorption from the Eudragit®-coated microcontainers appeared later, 479 

as it was also observed in the in vitro studies. 480 

 481 

In Figure 6, Tmax from the in vivo study is depicted as a function of the time to 90 % release in the in vitro 482 

study. The best fitting straight line was the result from running a linear regression (Figure 6), where the slope 483 

was 1.3, the intercept was -27.0 and the reported R2 was 0.9. Thus, a clear linear relationship was established 484 

when comparing the in vivo Tmax variables and the time observations for 90 % release in vitro. Conclusively, 485 

the in vitro model could be used to predict the in vivo Tmax values for microcontainers and microspheres coated 486 

with chitosan/Eudragit®, PEG/Eudragit® or Eudragit®. 487 

 488 
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 489 

Figure 6: In vitro in vivo relation between microcontainers (open symbols) and microspheres (closed symbols) coated 490 

with chitosan/Eudragit® (red/square symbols), PEG/Eudragit® (green/triangular symbols) or Eudragit® alone 491 

(orange/round symbols). Tmax (n = 5-6) for each formulation plotted as a function of the time where 90 % paracetamol 492 

was released in vitro for the same formulation (n = 3). An OLS regression resulted in the best fitting line with a slope 493 

of 1.3, intercept of -27.0 and a reported R2 of 0.9. 494 

 495 

4 Conclusion  496 

Microspheres were prepared as a control dosage form for evaluation of microcontainers in vitro and in vivo. 497 

In general, the in vitro model predicted a prolonged release of paracetamol from microcontainers compared to 498 

microspheres, which was consistent with in vivo observations of a significantly later Tmax (37-68 min and 18-499 

20 min for microcontainers and microspheres coated with PEG and Eudragit®, respectively). An exception to 500 

the general trend of a slower release from microcontainers was observed for the formulations coated with 501 

chitosan. During the in vitro studies, the microcontainers coated with chitosan/Eudragit® resulted in a linear 502 

release already in the gastric step. For the microspheres, there was no release during the gastric step, but 503 

paracetamol was released immediately upon increase of pH in the intestinal step. Nevertheless, these two 504 

different release profiles resulted in very similar Tmax values (40 ± 7 and 43 ± 3 min). 505 

When considering the microspheres only, the rank order of the coatings was similar to what was originally 506 

hypothesized both in vitro and in vivo; that paracetamol would be released slowest from the formulations 507 

coated with chitosan/Eudragit®, and fastest from the formulations only coated with Eudragit®. For the 508 
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microcontainers, the rank order of Tmax also correlated with the in vitro study, but the rank order was opposite 509 

of what was hypothesized: Microcontainers coated with chitosan/Eudragit® resulted in an early Tmax, most 510 

likely because the coating was dissolved in the stomach (like it was observed in the gastric step in vitro). An 511 

in vitro in vivo relation for all formulations was confirmed by a linear regression with R2 = 0.9 when Tmax was 512 

plotted as a function of time for 90 % paracetamol release in vitro.  513 

An overall comparison of the pharmacokinetic profiles for microcontainers and microspheres revealed that a 514 

significantly higher concentration of paracetamol was present in plasma 2 hours after dosing with 515 

microcontainers compared to microspheres (0.3 ± 0.1 µg/mL and 0.1 ± <0.1 µg/mL, respectively) - regardless 516 

of the coating applied.  517 
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