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Abstract 

Micro-reservoir based drug delivery systems have the potential to provide targeted drug release locally in the intestine, 

i.e. at the inflamed areas of the intestine of patients with inflammatory bowel disease (IBD). In this study, 

microcontainers with a diameter of 300 µm and a height of 100 µm, asymmetrical geometry and the possibility to 

provide unidirectional release, are fabricated in the biodegradable polymer poly-ɛ-caprolactone (PCL) using hot 

punching. As a first step towards local treatment of IBD, a novel method for loading of microcontainers with the 

corticosteroid budesonide is developed. For this purpose, a budesonide-Soluplus drug-polymer film is prepared by spin 

coating and loaded into the microcontainer reservoirs using hot punching. The processing parameters are optimized to 

achieve a complete loading of a large number of containers in a single step. A poly(lactic-co-glycolic acid) (PLGA) 

50:50 lid is subsequently applied by spray coating. Solid-state characterization indicates that the drug is in an 

amorphous state in the drug-polymer films and the in vitro drug release profile showed a 68% release over 10 h. The 

results demonstrate that hot punching can be employed both as a production and loading method for PCL 

microcontainers with the perspective of local treatment of IBD. 

1. Introduction  

Inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative colitis (UC), are chronic 

disorders causing inflammation of the gastro-intestinal tract (GIT). In the past decade, IBD has emerged as a global 

health challenge [1]–[3]. IBD often develops at young age and can continue throughout life, and to date there exists 

no permanent cure. For inflammation in the lower part of the colon, local drug administration is possible using rectal 

application of foams, suppositories or enemas [4][5]. However, this is not applicable for inflammation in the ileum and 

the upper part of the colon. Here, treatment via the oral route often includes administration of capsules or tablets 

containing corticosteroids [6]. The synthetic glucocorticoid budesonide is highly relevant for direct administration in 

the intestine and local treatment of IBD [7]–[10]. Budesonide provides a relatively low systemic absorption and fast 

degradation compared to other conventionally used corticosteroids minimizing effects on the rest of the body [11]. 

However, glucocorticoids require multiple daily dosages to achieve the desired therapeutic effect and often large 

amounts are given to the patients. There, the inevitable undesired systemic uptake of budesonide can lead to severe 
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side effects, such as osteoporosis, diabetes, cataract and sleeping disorders, if used long term. Ideally, the drug 

formulations for treatment of IBD should only target the inflamed areas throughout the entire GIT. To address these 

challenges, controlled release systems have been proposed for the local treatment of IBD [7]. 

Recently, increasing emphasis has been laid on the development of reservoir-based multiparticulate systems for oral 

drug delivery [12]–[14]. Because of their smaller particle size, as compared to single unit dosage forms, these systems 

are capable of easily passing though the GIT, leading to less inter- and intra-subject variability. Moreover, 

multiparticulate systems tend to be more homogeneously dispersed in the GIT and to ensure more uniform drug 

absorption [15]. Polymeric microcontainers with dimensions of 100-300 µm are a specific type of such multiparticulate 

drug delivery systems prepared using microfabrication technologies [16]. They provide a drug reservoir surrounded 

by walls and open on one side, which can be loaded with drug and subsequently sealed by deposition of a polymer lid. 

In the past few years, in vitro and in vivo studies with microcontainers have shown promising results for oral drug 

delivery in terms of bioavailability and sustained release compared to traditional formulations [17], [18]. To eventually 

pave the way for real-life applications, we recently proposed to fabricate microcontainers in biodegradable materials, 

such as poly-ε-caprolactone (PCL) and poly(lactic-co-glycolic acid) (PLGA) on a water-soluble substrate [19], [20].  

Various techniques have been used to load microcontainer arrays with drugs, including photolithography, 

microinjection, powder embossing and ink-jet printing [14], [19], [21]–[25]. In many applications, it is preferred that 

the drug is embedded in a polymer matrix for stabilization and to tailor the release properties. For example, supercritical 

CO2 (scCO2) impregnation has been presented as a method to load microcontainers with drug-polymer matrices [17], 

[26]. Petersen et al. introduced a new fast method for parallel loading of microcontainers by the hot punching process 

[27]. This method has several advantages, such as a high versatility to load different combinations of drug and polymer, 

drug loading in a single-step process, parallel processing with high throughput and no need for specialized printing or 

alignment tools which is promising for future scale-up.  

The overall aim of this study was to evaluate the feasibility of hot punching as a novel method for the loading of 

biodegradable microcontainers with the synthetic corticosteroid budesonide as a first step towards a novel drug 

delivery system for local treatment of IBD via the oral route. The concept of the drug loading process is illustrated in 

Fig.1. First, spin coating is used to deposit a thin drug-polymer film on a carrier substrate. Then, this carrier substrate 

with the drug-loaded polymer films and a second substrate with the microcontainers to be loaded are assembled 

(Fig.1A). A single step of a simultaneous thermal bonding and punching process is performed transferring the drug-

polymer film into the microcontainers (Fig.1B-C). Finally, the surrounding drug-polymer film is removed to reveal 

the individual drug-loaded microcontainers (Fig.1D).   

For the proof-of-concept of this method, budesonide was embedded into a polymer film prepared by spin coating. 

Soluplus, a polymeric solubilizer commonly used in oral drug formulations, was selected as the polymer in order to 

provide the mechanical stability of the drug-polymer film required for the fabrication process and at the same time 

potentially enhance the solubility of budesonide [28]. Next, an optimized hot punching process for reliable loading of 

the budesonide-Soluplus film into biodegradable PCL microcontainers was developed. A PLGA sealing was applied 

to prevent drug release in the stomach and delay it further until the microcontainers reach the lower intestine. For this, 

spray coating was recently introduced for deposition of thin polymeric films [17], [29], [30]. Finally, the 

microcontainers were harvested from the carrier substrate and the in vitro drug dissolution profile was determined.  
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Figure 1: Hot punching for loading of microcontainers with budesonide-Soluplus drug-polymer film: (A) the 
budesonide-Soluplus film is spin coated on a Si carrier substrate coated with polydimethylsiloxane (PDMS) serving 
as deformable layer; (B) Microcontainers fabricated on a carrier substrate are used as stamp for hot punching of the 
budesonide-Soluplus film by application of pressure and temperature; during hot punching, the elastic properties of 
the PDMS support full penetration of the drug-polymer film by the microcontainer walls; (C) the budesonide-Soluplus 
film is transferred to the carrier substrate with the microcontainers; (D) removal of the surrounding punched drug-
polymer film reveals the microcontainers loaded with budesonide-Soluplus film.   
 

2. Experimental section 

2.1 Budesonide-Soluplus film preparation 

The budesonide-Soluplus films were prepared by solution mixing and spin coating. The solution consisted of Soluplus 

(BASF SE, Ludwigshafen Germany), polyethylene glycol (PEG) (Mw 950-1050 g/mol, Sigma Aldrich), dibutyl 

sebacate (DBS) (Sigma Aldrich, USA) and budesonide (Fagron, Denmark). 3.72 g Soluplus, 0.47 g PEG, 0.47 g 

budesonide and 1.5 mL DBS were dissolved in 4.5 mL dichloromethane (DCM). The solution was stirred at 220 rpm 

for 2 h at 70°C and then at 30°C for 12 h until a transparent solution was achieved. 4-inch Si wafers were coated with 

70 µm of polydimethylsiloxane (PDMS). This was achieved by mixing a 1:10 mixture of PDMS, spin coating at 750 

rpm for 60 s and curing at 100°C for 5 min. The PDMS coated Si wafers were stored at ambient conditions for 24 h to 

ensure complete curing. Approximately 5 mL of budesonide-Soluplus solution were spin coated at 1250 rpm for 40 s 

after manual dispensing on the PDMS coated surface using a WS-1650 spin coater (Laurell Technologies Corporation, 

Pennsylvania, USA). The film was dried at room temperature in a fumehood for at least 12 hours and it is assumed 

that all solvent evaporated during this step. For thickness measurements, the films were peeled off from the PDMS and 

transferred on a clean Si wafer. Squares with a sidelength of 5 mm were cut with a scalpel and the film thickness was 

measured with a contact profilometer (KLA Tencor, UK). Measurements of the glass transition temperature Tg of 

budesonide and Soluplus, and of the melting temperature of PCL were performed with Differential Scanning 

Calorimetry (DSC) using a Perkin-Elmer DSC 4 fitted with a 3600 Thermal Analysis Data Station. 

 

2.2 X-ray powder diffraction analysis of budesonide-Soluplus films  

An X-ray powder diffraction (XRPD) study was carried out to evaluate if the budesonide in the drug polymer films 

was in a crystalline or amorphous state and if the conditions during the hot punching process affect the solid state of 

the drug. Seven different samples were prepared and analyzed: i) budesonide powder, ii) Soluplus powder, iii) Soluplus 

film, iv) budesonide-Soluplus film, v) a physical mixture with the identical composition as the budesonide-Soluplus 

film, vi) budesonide-Soluplus film subjected to heat and pressure similar to the drug polymer films in the hot punching 
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process for loading into microcontainers, vii) Soluplus film subjected to heat and pressure. All XRPD analyses were 

performed using an X’Pert PRO X-ray diffractometer (PANalytical, Almelo, The Netherlands; MPD PW3040/60 

XRD; Cu KR anode; λ = 1.541 Å; 45 kV; 40 mA). A starting angle of 5° 2θ and an end angle of 35° 2θ were employed 

for the scans. A scan speed of 0.6565° 2θ min-1 and a step size of 0.01313° 2θ were employed. Data were collected 

using the X’Pert Data Collector software (PANalytical B.V.).  

2.3. Loading of SU-8 microcontainers with budesonide-Soluplus film 

Cylindrical SU-8 microcontainers were fabricated on Si carrier substrates with a similar method as described 

previously [31]. The microcontainers had an outer diameter of 300 μm and a height of 110 μm. The microcontainer 

reservoir had a diameter of 220 μm and a depth of 70 μm. Following fabrication, the Si substrates were cut into 12.8 

× 12.8 mm2 square chips (DISCO DAD 321, Automatic Dicing Saw). Each of these microcontainer chips included 

625 microcontainers arranged in an array of 25 × 25 with a center-to-center distance of 450 μm. 

Prior to loading into the microcontainers, the budesonide-Soluplus film on the PDMS coated Si wafers prepared as 

described above was dried in an oven at 37°C for 2 h. Si carrier substrates with arrays of SU-8 microcontainers were 

placed upside down on the budesonide-Soluplus film (Fig.1A). Then, the loading of individual microcontainer chips 

was performed by hot punching with a platen press with integrated heating (Collin® Press, 300 SV, Ebersberg, 

Germany) (Fig.1B). During the hot punching process, the SU-8 microcontainers on the Si carrier substrates served as 

stamp penetrating the drug polymer film. The punching was optimized by applying different temperatures and 

pressures to both the upper and lower plates of the platen press. After separation of the two Si carrier substrates, the 

budesonide-Soluplus films were transferred to the one with the SU-8 microcontainers (Fig.1C). Finally, the 

budesonide-Soluplus film between the microcontainers was removed manually (Fig.1D), while it remained inside the 

microcotainer reservoirs. 

 

2.4. Loading of PCL microcontainers with budesonide-Soluplus film 

After the initial optimization with SU-8 microcontainers, the loading process was adapted for less rigid biodegradable 

PCL microcontainers. For this purpose, PCL microcontainers on polyvinyl alcohol (PVA) carrier substrates were 

prepared by hot punching as described earlier [19]. PVA (Mowiflex C17) was purchased from Kuraray (Vantaa, 

Finland) and PCL (Mn=80,000 g mol-1) from Sigma Aldrich (Schnelldorf, Germany). PVA and PCL sheets were 

prepared by compression molding with the same hot embossing equipment as described above. The compression 

molded polymer films were assembled prior to a single step of simultaneous thermal bonding and patterning using 

Nickel stamps [32]. The surrounding PCL film was removed, and discrete PCL microcontainers with an inner and 

outer diameter of 230 and 300 µm, respectively, were obtained on the PVA substrate. The outer height of the PCL 

microcontainers was 92 µm and the reservoir depth was 64 µm.  

The loading of the PCL microcontainers with drug was performed by hot punching in a process similar to the one 

described above for SU-8 microcontainers and illustrated in Fig.1. The PDMS coated Si wafers with the budesonide-

Soluplus films were assembled with the PVA substrates carrying the PCL microcontainers. Then, pressure and 

temperature were applied to achieve hot punching and transfer of the drug-polymer film into the microcontainers. As 
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the final step, the budesonide-Soluplus film surrounding the PCL microcontainers was manually removed from the 

PVA substrate. 

 

2.5 Spray coating of PLGA lids on PCL microcontainers  

The drug loaded PCL microcontainers were spray coated with PLGA 50:50 (low MW 7-17 kDa, 50:50 PLA:PGA, 

Sigma Aldrich, St. Louis, MO, USA). A 0.5% w/w PLGA solution in DCM was prepared. The solution was stirred at 

low speed at room temperature for at least 2 h. The solution was sprayed over a chip consisting of 400 drug-loaded 

PCL microcontainers using an ultrasonic spray coater equipped with an accumist nozzle operating at 120 kHz (Exacta-

Coat, Sono-Tek, USA). During this procedure, the flow rate was kept at 0.1 mL/min, together with a generator power 

of 1.3 W. The shaping air pressure was set to 0.025 kPa, and the speed of the nozzle was maintained at 10 mm/s, with 

a distance between the tip and the sample of 50 mm. The coating sequence included 30 passages.  

 

2.6 Harvesting of PCL microcontainers  

As a final step of sample preparation for in vitro dissolution study, the underlying PVA substrate had to be dissolved 

to harvest the PCL microcontainers. The dissolution of the sacrificial PVA was achieved in aqueous medium at pH 7. 

As illustrated in Fig.2, a sample containing 400 microcontainers was placed on a stainless-steel filter with a mesh size 

of 213 µm and thickness of 178 µm (Spectra/Mesh® Woven Filters, Fisher Scientific, Denmark). The filter was placed 

at the top of a water bath for 2 h, avoiding direct contact of the water with the coated top surface of the microcontainers. 

This step had to be done very carefully, to prevent diffusion of water through the PLGA lid of the microcontainers and 

premature initiation of drug release. After complete dissolution of the PVA substrate, the microcontainers were dried 

at 37°C for 1 h. For further investigation, the filter containing the harvested microcontainers was mounted on aluminum 

stubs with double-sided adhesive carbon tape. Scanning Electron Microscopy (SEM) was performed to study the 

surface and morphology of the microcontainers. All SEM micrographs were acquired by a TM3030Plus Tabletop 

Microscope (Hitachi, Germany) with a voltage of 15 keV using the SE detector. 

 
Figure 2: Schematic illustration of the method for microcontainer harvesting: (A) PVA substrates with the drug loaded 
and coated PCL microcontainers oriented upwards were placed on a metal grid. Only the bottom side of the PVA was 
immersed in aqueous medium to prevent drug release from the microcontainers. (B-C) The PVA was gradually 
dissolved leaving the microcontainers for harvesting on the metal grid. 
 
2.7 In vitro release of budesonide from PCL microcontainers  
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The dissolution of budesonide from the polymer film in the PCL microcontainers was tested using a micro-DISS 

Profiler (Pion INC, USA) in a similar setup as described elsewhere [19], [33]. Experiments were carried out at 37°C 

employing a stirring rate of 100 rpm. The path length of the in situ UV probes was 10 mm, the recorded wavelengths 

were 280-300 nm, and each channel of the profiler was calibrated with its own standard curve prior to the experiments. 

Biorelevant simulated rat intestinal medium (RIM) was prepared as described by Christfort et al. [34]. The pH was 

adjusted to 7.5. Arrays of 400 PCL microcontainers were loaded with the budesonide-Soluplus film by hot punching, 

coated with PLGA, harvested and transferred in a single microDISS Profiler vial prior to the start of the experiments. 

Then, 10 mL of RIM were added after starting data recording for 48 h.  

3. Results and discussion  

3.1 Budesonide-Soluplus film preparation  

In order to load the reservoirs of the PCL microcontainers completely during the hot punching process illustrated in 

Fig.1 while preserving the microcontainer geometry, the ideal drug-polymer film was supposed to fulfil the following 

criteria:  

i) a glass transition temperature Tg lower than the melting temperature Tm of PCL preventing deformation 

of the PCL microcontainers during the drug loading by hot punching 

ii) mechanical stability enabling mechanical removal of the film from the PVA carrier substrate between 

the microcontainers after completed drug loading (Fig.1D) 

iii) a thickness slightly lower than the depth of the microcontainer reservoir allowing for penetration and 

punching of the drug-polymer film by the microcontainer walls 

The specific aim of this study was to load the PCL microcontainers with Budesonide drug embedded in a Soluplus 

polymer film. Budesonide is a small molecule drug with a melting temperature > 200°C [35]. The chemical structure 

and activity of the drug molecules should therefore not be affected by exposure to slightly elevated temperatures during 

film preparation and hot punching. The Tg of Soluplus was 59°C, which is almost identical with Tm=60°C of PCL 

(Supplementary information S1). Optimally, a lower Tg is desirable in order to avoid deformation of the PCL 

microcontainers serving as stamp for the hot punching. Furthermore, in an initial study pure Soluplus solutions were 

spin coated on Si wafers and it was found that the brittleness of the polymer prevented the removal of the Soluplus 

films from the carrier substrates (Supplementary information S2). The poor mechanical properties of Soluplus have 

earlier been discussed in literature [36].  

Therefore, plasticizers were added to simultaneously lower the Tg and improve the mechanical properties of the 

budesonide-Soluplus film. PEG was added as plasticizer in this study because it earlier has been reported to increase 

tensile strength and elongation while lowering Young’s modulus of Soluplus films [36]. Preliminary experiments 

confirmed the improved mechanical stability of budesonide-Soluplus films upon addition of PEG. However, film 

removal was still difficult due to high adhesion to the PVA substrate. Therefore, DBS was added as a second plasticizer. 

In order to achieve a homogenous solution of Soluplus, PEG, DBS and budesonide that was suitable for spin coating, 

different solvents, including water, ethanol, acetone and DCM were tested. The optimal solution for spin coating was 



7 
 

achieved by dissolving 3.72 g Soluplus, 0.47 g PEG, 0.47 g budesonide and 1.5 mL DBS in 4.5 mL DCM, which 

resulted in a clear and highly viscous solution. The expected ratio of solids in the drug-polymer film assuming complete 

evaporation of the DCM was 61.9% Soluplus, 7.8% budesonide, 22.5% DBS and 7.8% PEG. The Tg of the final 

budesonide-Soluplus films was 35°C (Supporting information S1), which confirms that the addition of plasticizers and 

drug considerably lowered the Tg compared to pure Soluplus. The significant difference compared to Tm of PCL should 

facilitate hot punching without deformation of the biodegradable microcontainers. 

In order to prepare drug-polymer films with a thickness lower than the PCL microcontainer reservoir depth of 64 µm, 

a spin curve predicting the film thickness as a function of spin coating speed was established for the optimized 

budesonide-Soluplus solution (Fig.3). A film thickness of 59±8 µm obtained with a spin speed of 1250 rpm was found 

to be suitable.  

 
Figure 3: Spin curve predicting the thickness of spin coated budesonide-Soluplus films on the PDMS substrate obtained 
with different spin coating speeds with the optimized budesonide-Soluplus solution and with a spin time of 40 s.  
 
3.2 XRPD analysis of budesonide-Soluplus films 

In order to assess the effect of the film preparation on the crystallinity of the drug, x-ray powder diffractograms for 

budesonide powder, Soluplus powder, spin coated budesonide-Soluplus film and a physical mixture with the same 

composition as the budesonide-Soluplus film were acquired. Furthermore, it was evaluated if the application of heat 

and pressure similar to the processing conditions during the drug loading affected the crystallinity of budesonide. For 

this purpose, spin coated budesonide-Soluplus films with and without the application of heat and pressure were 

compared with films without the drug as shown in Fig.4. The diffractograms for the budesonide drug powder and the 

physical mixture displayed well defined peaks because of the crystalline structure of the drug. Those peaks were absent 

for the remaining samples indicating an amorphous form of the drug in the polymer films. It is expected that spin 

coating of the budesonide-Soluplus solution results in a more random distribution and arrangement of the drug. 

Apparently, the processing conditions similar to the ones during the drug loading by hot punching have no measurable 

influence on the solid state of the drug as no peaks characteristic for crystalline budesonide were detected in the 

budesonide-Soluplus films submerged to a temperature of 30°C and a pressure of 1.5 bar during 680 s. 
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Figure 4: XRP diffractograms for (A) budesonide powder, (B) Soluplus powder, (C) physical mixture with 7.8% 
budesonide, 61.9% Soluplus, 7.8% PEG and 22.5% DBS, budesonide-Soluplus film (D) with and (E) without heat and 
pressure and Soluplus film (F) with and (G) without heat and pressure. 

3.3 Loading of SU-8 microcontainers with budesonide-Soluplus film 

For the initial optimization of the loading with budesonide-Soluplus films by hot punching, rigid and thermally very 

stable SU-8 microcontainers fabricated on Si carrier substrates were used. The arrays of SU-8 microcontainers were 

employed as the stamp for hot punching of the budesonide-Soluplus films spin coated on Si substrates with a PDMS 

layer. The PDMS served as the elastically deformable layer required for penetration and punching of the budesonide-

Soluplus film during the hot punching process [27]. After applying temperature and pressure and demolding, it was 

important that the punched drug-polymer film remained in the microcontainers, thereby loading the microcontainer 

reservoirs with drug. To ensure this, the adhesion between the drug-polymer film and the microcontainers has to be 

higher than the adhesion between the PDMS coated substrate and the drug-polymer film. Therefore, the budesonide-

Soluplus film was additionally dried in an oven for 2 h at 37°C prior to the loading process removing residual solvent 

and decreasing its adhesion to the PDMS coated substrate. The results of the loading of SU-8 microcontainers with 

budesonide-Soluplus film are summarized in Fig.5A-F. It was found that punching at temperatures below 20°C did 

not allow for penetration of the budesonide-Soluplus film by the SU-8 microcontainers. For temperatures higher than 

40°C, the budesonide-Soluplus film strongly adhered to the Si substrate with the SU-8 microcontainers and removal 

of the film between the microcontainers after demolding was impossible (Fig.5A-B). The optimal processing 

temperature of 35°C, matching the Tg of the drug-polymer film, allowed for punching of the budesonide-Soluplus film 

while it remained peelable after processing (Fig.5C-D). The hydraulic pressure was varied between 1.5-2.5 bars, and 

the highest yield was achieved at 2.5 bars for a holding time of 500 s. During the hot punching process, viscoelastic 

flow of the polymer film occurred inside and around the microcontainers, and the budesonide-Soluplus film was 

punched along the walls of the SU-8 microcontainers through the application of pressure and temperature. With the 

optimized process, the SU-8 microcontainer reservoirs were successfully loaded with the budesonide-Soluplus film. 

The yield at the optimized conditions, evaluated as the number of containers loaded with drug compared to the total 
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number of microcontainers on a single chip, was 40-60%. As a further proof of successful loading of the SU-8 

microcontainers, the hot punching process produced holes all the way through the budesonide-Soluplus film between 

the SU-8 microcontainers (Fig.5F).  

3.4 Loading of PCL microcontainers with budesonide-Soluplus film 

After the initial optimization of the loading of SU-8 microcontainers by hot punching, the process was transferred to 

PCL microcontainers, which required a minor readjustment of the process parameters. The optimal punching 

temperature was 30°C and a hydraulic pressure of 1.5 bars was applied for 680 s in order to load the PCL 

microcontainers while maintaining their shape and structure. The slightly lower temperature and pressure compared to 

SU-8 microcontainers prevented structural deformation of the PCL microcontainers. This had to be compensated by a 

slightly longer processing time to achieve the full penetration and reflow of the budesonide-Soluplus film. Fig.5G 

shows an empty PCL microcontainer before drug loading. After the hot punching process and removal of the 

surrounding film, the cavities of the PCL microcontainers were uniformly loaded with the budesonide-Soluplus matrix 

(Fig.5H). The yield was approximately 75%, which was considerably higher than for the SU-8 microcontainers. The 

successful hot punching revealed that the thickness of the budesonide-Soluplus film indeed was sufficiently high to 

fill the reservoirs of the microcontainer mold, but low enough to allow contact of the microcontainer walls with the 

PDMS during the application of pressure.  
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Figure 5: (A-B) A chip with 625 SU-8 microcontainers after hot punching at 40°C (hydraulic pressure 2.5 bar, hold 
time 500 s); the budesonide-Soluplus film partially adhered to the substrate between the structures; (C-D) A chip with 
SU-8 microcontainers after optimized loading process by hot punching at 35°C (hydraulic pressure 2.5 bar, hold time 
500 s); (E) photograph illustrating how the budesonide-Soluplus film is peeled off between the SU-8 microcontainers 
on a silicon substrate after the optimized hot punching process; (F) Peeled film with holes after a hot punching process 
with SU-8 microcontainers; (G) empty PCL microcontainer, (H) PCL microcontainer loaded with budesonide-
Soluplus film by hot punching with optimized parameters (temperature 30°C, hydraulic pressure 1.5 bar, hold time 
680 s)    
 
3.5 Spray coating of PLGA lids on PCL microcontainers 
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In order to deliver the microcontainers orally, a PLGA coating was applied to prevent drug release in the stomach and 

eventually delay it further until the microcontainers reach the upper colon. PLGA degrades by hydrolysis to lactic and 

glycolic acid, which both are easily metabolized by the body [37]. Here, spray coating of PLGA on PCL 

microcontainers loaded with the budesonide-Soluplus film was implemented. SEM images were used to assess the 

morphology of the coating after its deposition on the reservoir of the microcontainers. Fig.6A-B show the loaded 

microcontainers before and after spray coating of the lid. The PLGA coating was uniform, smooth and the drug-loaded 

microcontainers were completely covered. The thickness of PLGA was approximately 5 µm. 

 
Figure 6: Array of PCL microcontainers loaded with budesonide-Soluplus film (A) before and (B) after PLGA lid 
application using spray coating; scalebars = 300 µm  
 

3.6 Harvesting of PCL microcontainers  

Previously, harvesting of PCL microcontainers was achieved simply by immersing the microcontainers coated with an 

enteric Eudragit® S100 coating into an aqueous solution until the PVA substrate below the PCL microcontainers was 

completely dissolved [19]. However, in this study, this approach was not possible. Here, the lid material was PLGA, 

which is gradually degraded by hydrolysis in an aqueous environment. Furthermore, water is able to diffuse through 

the PLGA lid and can initiate gradual dissolution of the budesonide-Soluplus film and premature drug release. Thus, 

to avoid initial degradation of PLGA and release of budesonide, a novel method for selective harvesting was 

implemented. The PVA substrate with PCL microcontainers was placed on a metal grid at the liquid-air interface of 

an aqueous solution for 2 h, thereby minimizing direct contact of the PLGA lid with water. The first studies for 

optimization of this method were conducted with empty PCL microcontainers. SEM images revealed that the 

microcontainers were harvested with the open side pointing upwards which means that they maintained the same 

orientation as initially on the PVA substrate (Fig.7A). Similarly, no premature drug release from microcontainers 

without lid loaded with budesonide powder was observed (Fig.7B). Finally, this method was used for harvesting of 

PCL microcontainers loaded with budesonide-Soluplus film and coated with PLGA (Fig.7C). It should be noted that 

in this case the PLGA is not dissolved or degraded during the harvesting process. Therefore, the very thin PLGA 

coating also remains intact between the PCL microcontainers and the metal grid is not visible in Fig.7C. 
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Figure 7: PCL microcontainers oriented with the open side upwards on a metal grid after dissolution of the PVA 
carrier substrate: (A) empty; (B) loaded with budesonide drug powder; (C) loaded with budesonide-Soluplus film and 
coated with PLGA; scale bars = 500 µm 
 

3.7 In vitro release of budesonide from PCL microcontainers 

In vitro release studies in a microDISS Profiler were used to evaluate the release of budesonide from the Soluplus film 

in the microcontainers with a PLGA coating. For this purpose, arrays of 400 PCL microcontainers were loaded with 

the budesonide-Soluplus film by hot punching, coated with PLGA, harvested and transferred in a single microDISS 

Profiler vial with 10 mL rat intestinal medium. Fig.8A shows the first 10 h of the recorded release curve. During the 

first two hours, a fast release of budesonide was observed followed by a slower more gradual drug release. This fast 

drug release during the first hours indicates an amorphous state of the budesonide, which is supported by the XRPD 

analysis of the budesonide-Soluplus films described above. During SEM inspection of the microcontainers after the 

completed dissolution study (Fig.8B-C), it was observed that most of the PLGA lids still were intact. However, large 

pores were identified from where the budesonide most likely was dissolved thus explaining the fast initial release. In 

earlier studies using microcontainers with pH-sensitive Eudragit® coatings, a fast release of drug powder within a few 

minutes in intestinal media was demonstrated initiated by immediate dissolution of the lids at intestinal pH [17], [19]. 

The comparatively more gradual and controlled release observed in this study is attributed to slower degradation of 

the PLGA lid and the low solubility of the budesonide. 

A total amount of 30±2 µg of budesonide was released after 10 h. The theoretically estimated amount of budesonide 

loaded in one array with 400 PCL microcontainers was approximately 44 µg. This amount was calculated assuming a 

yield of 75% of successfully loaded microcontainers, a microcontainer reservoir volume of 2.7 nL and an average 

density of the film of 0.7 g/cm3 by assuming a ratio of 61.9% Soluplus (density 0.5 g/cm3), 22.5% DBS (density 0.9 

g/cm3), 7.8% PEG (density 1.2 g/cm3) and 7.8% budesonide (density 1.3 g/cm3). This means that the measured amount 

of budesonide released after 10 h corresponds to 68% of the theoretically expected value. As observed in Fig.8B-C, 

there are still parts of the PLGA lid on the microcontainers, which might retain some drug and explain why the drug 

release still continued even after 10 h. After 48 h, the released amount of budesonide was 42±4 µg, which is in excellent 

agreement with the estimated total amount and confirms that the entire loaded drug was released from the PCL 

microcontainers after the completed release study. 
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Figure 8: (A) In vitro release curve for budesonide from 400 PCL microcontainers loaded with budesonide-Soluplus 
matrix film by hot punching, coated with PLGA and immersed in 10 mL of rat intestinal medium; (B) PCL 
microcontainers after 48 h of dissolution revealing that the PLGA lids were still present; (C) close-up view of a single 
PCL microcontainer after 48 h of dissolution; the arrows indicate some large pores in the PLGA lid. 
 

4. Conclusion 
  
In this study, we introduced hot punching as a new and efficient method for loading of a budesonide-Soluplus film 

into microcontainers for oral drug delivery. Successful loading of SU-8 and PCL microcontainers was achieved with 

the PCL showing a slightly higher percentage of drug loaded reservoirs of around 75% compared to 40-60% for SU-

8. Dissolution studies showed that the coating of the PCL microcontainers with PLGA provided a slower release than 

for Eudragit® S100 coated PCL microcontainers loaded with drug powder measured earlier [38]. This was attributed 

to the slower degradation of the PLGA coating compared to dissolution of Eudragit®. To further delay the drug release 

and achieve targeted drug delivery in the ileum or upper colon, the coating should be improved. In future studies, 

PLGA 75:25 or other coating materials could be investigated and the lid thickness could be increased to further 

modulate the drug release. XRPD studies indicate that budesonide in the drug-polymer film is in an amorphous form, 

which potentially can enhance dissolution and solubility of the drug compared to a crystalline form.  

One of the main advantages of hot punching is the simultaneous loading of arrays of biodegradable microcontainers 

in a single step. Admittedly, for the relatively small samples used in this proof-of-concept study, costs are high and 

throughput is rather low compared to other methods for preparation of multi-particulate drug delivery systems such as 

emulsion-based approaches or spray drying. However, both the fabrication of the microcontainers and the drug loading 

process are based on moulding processes, which potentially can be up scaled from batch processing to continuous 

manufacturing in roll-to-roll (R2R) systems. This would tremendously reduce costs and increase throughput to 

competitive scales. In comparison, other methods for loading of reservoir-based drug delivery devices with drug such 

as inkjet printing or powder-based methods would be more difficult to implement for continuous manufacturing.  
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In perspective of an application, this study is a first step towards the fabrication of a system for local treatment of 

inflammatory bowel disease via the oral route. For demonstration of the real potential of the proposed system for oral 

drug delivery and treatment of IBD, further in vitro and in vivo testing has to be carried out. In addition, the drug load 

has to be increased from 7.8% to higher values to minimize the amount of microcontainers required in a single 

administrated dose.  
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