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Abstract 

The purpose of this study was to investigate whole-dosage form UV-Vis imaging as a potential 

tool for functional characterization of excipients used in solid oral dosage forms. To this end, 

tablets (average mass 260.0 mg, 224.5 mg and 222.1 mg) containing theophylline anhydrate (20% 

w/w), 1% (w/w) magnesium stearate, and 79% (w/w) of either microcrystalline cellulose (MCC, 

Avicel PH 101) or hydroxypropyl methylcellulose (HPMC, Methocel K15M or K100M) were 

prepared as model systems. Drug liberation from tablets was studied in 0.01 M HCl at 37 °C 

using a Sirius SDi2 equipped with a USP IV type flow cell comprising a UV-Vis imaging 

detector operating at 255 nm and 520 nm. The effluent from the flow cell was passed through a 

downstream spectrophotometer, and UV-Vis spectra in the wavelength range 200 - 800 nm were 

recorded every 2 min. The erosion and swelling behavior of the MCC tablets and HPMC K15M 

and K100M tablets were visualized in real time. The swelling of HPMC K15M and K100M 

containing tablets was assessed quantitatively as changes in tablet diameter measured at 520 nm, 

and was clearly distinguished from the swelling of the MCC tablets. Namely, an increment of 2.5 

mm in diameter was determined for the HPMC tablets while the MCC tablets increased by 0.5 – 1 

mm in diameter. Gel layers of variable thickness were observed only for the HPMC K15M and 

K100M tablets. In addition, a relatively high initial liberation rate of theophylline was found for 

the MCC tablets as compared to the HPMC tablets. UV-Vis imaging revealed features of 

liberation not revealed by simply measuring drug concentration in the dissolution media or by 

visual assessment. It may be sufficiently sensitive to be further developed for functional 

characterization of excipients and provide insights into drug-excipient interactions likely to be 

useful in formulation development. 

Keywords: dissolution behavior, dissolution imaging, drug liberation, excipient, UV-Vis 

imaging, whole dosage form  
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1. Introduction 

Excipients play an important role in the design of dosage forms to aid manufacture, 

administration, absorption and more [1]. The efficacy of medicines depends on the active 

substances as well as the nature of the excipients included. Excipients may also confer 

therapeutic enhancement to the active pharmaceutical ingredient (API) in the dosage form 

through modification of drug stability, dissolution and absorption behavior [2]. Excipients 

may endow pharmaceutical products with special functions such as controlled release and 

increase in drug bioavailability [3, 4]. Therefore, evaluation of excipient functionality is 

essential. However, attention is most often focused on the characterization of API 

performance rather than excipient functionality, which has sometimes been underestimated 

[5]. Investigation and identification of excipients must be further developed beyond simple 

tests for identity, purity and strength commonly applied [6]. Dissolution testing of oral drug 

delivery dosage forms, based upon compendial methods, typically measure the concentration 

of the drug in the dissolution medium (USP I-VII and parallel in Pharm. Eur.). With the 

advent of LADME (Liberation, Absorption, Dissolution and Elimination), where the ‘L’ 

refers to the modality of liberation – a distinction between release – the drug leaving the 

formulation – and dissolution – the drug being dissolved – becomes relevant. An undissolved 

particle or crystal of drug might be released but not yet dissolved, in particular in erosion 

based systems. In a diffusion-driven system, the dissolution precedes the release from the 

dosage unit, in particular for drugs with high rates of dissolution. Being able to visualize and 

understand the interplay between rate of dissolution, solubility and release mechanisms might 

enable the development of better drug delivery systems. In this article, we use the term 

liberation to cover both processes release and dissolution. The net result of liberation is 

making the drug available for absorption. We will use terms liberation testing or liberation 
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imaging when referring to the method used here for investigating drug liberation and 

excipient behavior. 

 

MicroCrystalline Cellulose (MCC, Avicel PH 101), HydroxyPropyl MethylCellulose 

(HPMC, Methocel K15M and K100M) were selected as the excipients subject to study. MCC 

was introduced in 1964 as an ingredient for direct compression tableting [7] and is composed 

of cellulose chains packed in layers held together. This structure results in very high 

intraparticle porosity [8]. Thanks to its chemical inertness, MCC is considered as compatible 

with most drugs. HPMC is used in the manufacture of matrix tablets for sustained release 

formulations. It is also one of the most versatile carrier materials for oral controlled release 

tablet formulations [9, 10]. Molecular weights of HPMC polymers affect its viscosity grades 

and degrees of substitution [11]. HPMC swells to form a gel upon contact with water. The 

mechanism of drug release from HPMC tablets is a combination of diffusion and erosion, 

along with an increased penetration of water into the core of tablet owing to the formation of 

porous channels [10, 12]. The distinct physicochemical properties of MCC and HPMC result 

in different drug liberation behavior from MCC and HPMC tablets [13, 14]. 

 

There is a continued interest in developing imaging techniques in formulation design and 

development because they can provide spatially and temporally resolved information. Drug 

release or liberation from matrix based tablets in vitro and in vivo has been investigated by 

imaging techniques. For instance, gel layer growth and water penetration inside dosage forms 

have been followed using confocal laser scanning microscopy (CLSM) [15], nuclear 

magnetic resonance (NMR) imaging [16, 17] and near infra-red (NIR) [18]. NMR imaging 

[16, 17], NIR [19], coherent anti-Stokes Raman scattering (CARS) microscopy [20] as well 

as Fourier transform infrared (FT-IR) spectroscopic imaging in attenuated total reflection 
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(ATR) mode [21] were able to monitor drug release (liberation) from polymer matrix based 

tablets. Christmann et al. developed the application of MRI in visualizing in vivo tablet 

behavior [22]. UV-Vis imaging appeared a decade ago and has been applied to intrinsic 

dissolution testing as well as drug release and transport studies as reviewed elsewhere [23]. 

The behavior of the commonly used excipient, HPMC, was investigated using UV imaging 

[24-26]. In addition, UV imaging has been used to evaluate the effect of drug-excipient 

combinations on drug liberation [25, 27, 28]. Recent instrument developments have provided 

the opportunity to perform whole dosage form UV-Vis imaging [3, 26, 29].  

 

Because of the small imaging area, the use of UV Imaging has been restricted to small 

compacts. Here, we investigate further the opportunities related to imaging of whole dosage 

forms such as tablets and capsules. An SDi2 UV-Vis dissolution imaging system equipped 

with a USP IV type flow cell was connected to a UV-Vis spectrophotometer and applied to 

test liberation of theophylline from tablets containing MCC or HPMC. The aim was to 

explore possibilities for characterizing excipient behavior and performance during drug 

liberation from tablets using UV-Vis imaging. 

 

2. Materials and Methods 

2.1. Materials 

 HydroxyPropyl MethylCellulose (HPMC) MethocelTM K15M and K100M Premium 

(viscosity grades 13,275-24,780 and 75,000-140,000, respectively) were obtained from 

Colorcon®, Kent, UK. MicroCrystalline Cellulose (MCC) Avicel PH 101 was obtained from 

FMC Corporation (Philadelphia, USA). Magnesium stearate and theophylline anhydrate were 

obtained from Egalet Corp, Værløse, Denmark. Hydrochloric acid was obtained from Merck 
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(Darmstadt, Germany). The deionized (DI) water was purified by SG Ultra ClearTM 2002 

water system (SG Water GmbH, Barsbüttel, Germany) and used in all experiments. 

2.2. Instrumentation 

A Sirius SDi2 instrument (Forest Row, UK) with a USP IV type flow cell was used for whole 

tablet imaging. The cell diameter and volume of the flow cell were 28 mm and 60.3 ml, 

respectively. The flow cell contained 4.5 g of 2 mm in diameter glass beads. The SDi2 

system holds 255, 280, 300, 320 and 520 nm LEDs that can be paired for dual wavelength 

imaging using an ActipixTM phosphor coated complementary metal oxide semiconductor 

(CMOS) chip for detection. The effective imaging area of the system is 28 × 24 mm2 with a 

nominal pixel size of 13.75 µm. The SDi2 is equipped with pumps for delivering the 

dissolution medium in open or closed loop configurations and heating elements for 

controlling the temperature of the dissolution medium. The SDi2 was controlled using SDi2 

Collection software (version 1.1.9, Sirius Analytical Ltd, Forest Row, UK). An Ocean Optics 

USB 4000 UV-Vis spectrophotometer (Ocean Optics, Largo, FL, USA) with an 18 µl flow-

through cuvette (10 mm light path, Hellma GmbH & Co. KG, Müllheim, Germany) was 

connected downstream to the SDi2 instrument and used for quantification of theophylline in 

the dissolution medium. The spectrophotometer was controlled using OceanView software, 

version 1.5.2 (Ocean Optics, Largo, FL, USA). An Agilent Cary 60 UV-Vis 

spectrophotometer (10 mm light path, Agilent, Santa Clara, US) was used for quantification 

of the theophylline content of the tablets.  

2.3. Tablet preparation 

Tablets containing 20% (w/w) of theophylline anhydrate, 79% (w/w) of excipient (MCC -

Avicel PH 101, HPMC - Methocel K15M or K100M), and 1% (w/w) magnesium stearate 

were prepared. Briefly, the drug and the excipients were first blended using a mortar and a 

pestle followed by thorough mixing in a kitchen food processor (Braun FP3010, 
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Marktheidenfeld, Germany) for 5 min at maximum speed, using the metal chopping knife. 

The mixture was then passed through a 0.5 mm DIN 4188 sieve (Analysensieb, Fritsch 

Laborgerätebau, Idar-Oberstein, Germany) and compressed into tablets using a single punch 

tableting machine Comprex I (Jørgensens Maskinfabrik, Copenhagen, Denmark) with a 10 

mm flat-faced punch. The compression force (11.8 kN) and filling volume were the same for 

all tablets. The tableting machine was run to produce around 50 tablets for each drug-

excipient blend using the same compaction force for all compositions.  

2.4. Characterization of tablets 

2.4.1. Uniformity of mass 

The tablet mass uniformity test was carried out according to Ph. Eur. 2.9.5. Twenty tablets 

taken at random were weighed individually and the average mass was determined. The results 

were expressed as the percentage deviation of the individual tablet mass from the average 

tablet mass.  

2.4.2. Uniformity of content 

The API content uniformity was assessed according to Ph. Eur. 2.9.6. Ten tablets from each 

group were selected randomly and tested. Each tablet was weighed individually and crushed 

to provide a powder. An accurately weighed sample (50 mg) was placed in a 50 ml 

volumetric flask and the drug was extracted by 0.01 M HCl. The content of the flask was 

sonicated for 30 min in ice-water and then filtered through a 0.45 µm filter. An aliquot of 0.5 

ml of solution was diluted to 10.00 ml with 0.01 M HCl and subsequently analyzed by 

spectrophotometry at 271 nm. A calibration curve of theophylline in 0.01 M HCl with 

concentrations 4, 6, 8, 10, 12 and 14 µg/ml was constructed using the Agilent Cary 60 UV-

Vis spectrophotometer at 271 nm. 

2.4.3. Friability of tablets 



8 
 

According to Ph. Eur. 2.9.7, 30 tablets corresponding to a total mass of ~ 6.5 g are required 

for the test of friability. The friability test was modified as the number of tablets produced in 

the present work was not sufficient to accommodate this. For each formulation, ten tablets 

were selected at random, manually marked using a pencil and their surfaces were cleaned 

with a hairbrush to remove any adhering dust. The total mass of tablets from each batch was 

determined. All the tablets, in total 30 tablets from the different formulations, were placed 

together in the friability apparatus (Parvalux Electric Motors, Denmark). The tablets were 

allowed to fall freely 100 times from a height of 156 mm at a speed of 25 rpm for 4 min. 

Each tablet was then dusted and weighed again. Percent friability was expressed as: 

Friability = 𝑚𝑚initial−𝑚𝑚final
𝑚𝑚initial

× 100%    (1) 

where 𝑚𝑚initial and 𝑚𝑚final are the masses of the tablets prior to and after friability testing, 

respectively.  

2.4.4. Resistance to crushing of tablets 

The hardness of the theophylline containing tablets was determined using a Pharmatest Test 

System (Dr. K Schleuniger & Co, Solothurn, Switzerland) using the procedure provided in 

Ph. Eur. 2.9.8. The average hardness of the tablets was determined in Newton (N) using 10 

tablets from each batch. 

2.5. UV-Vis imaging 

The drug liberation from tablet in 0.01 M HCl was studied using the SDi2 system applying 

dual-wavelength imaging at 255 nm and 520 nm. Flow rates of 6.16 or 12.32 ml/min were 

applied using the open loop configuration at 37 °C for 180 min. Real-time imaging of the 

processes related to drug liberation from the tablets was performed recording an image per 

second (every fiftieth images was saved). The effluent from the imaging system was passed 

through the downstream spectrophotometer concomitantly recording UV-Vis absorbance 
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spectra in the wavelength range of 200-800 nm every 2 min. The experiments were made in 

triplicate.  

2.6. Data analysis 

2.6.1. UV-Vis imaging data analysis 

The imaging data files were processed using SDi2 Analysis software (version 3.0.20, Sirius 

Analytical Ltd, Forest Row, UK). Assessment of the diameter changes of the tablets during 

the drug liberation experiments was performed by defining horizontal and vertical zones with 

a width of 1 mm. A threshold absorbance value of 200 mAU at 520 nm was applied to define 

the edge of the dosage forms, i.e. the tablet-dissolution medium boundary, followed by data 

processing determining the tablet diameter for all the images using the data analysis software.  

2.6.2. Liberation of theophylline  

The amount of theophylline released from tablets and dissolved in the dissolution medium 

was determined based on the effluent absorbance measured by the UV-Vis spectrophotometer 

placed downstream to the flow cell. The obtained absorbance spectra (200 - 800 nm) were 

exported into Excel for subsequent data analysis. Calibration curves were constructed by 

flowing theophylline standard solutions covering the concentration range 10 to 1000 µM 

prepared in 0.01 M HCl through the UV-Vis spectrophotometer. Theophylline quantification 

was evaluated at 243 nm.  

 
 

3. Results and Discussion 

3.1. Tablet characteristics  

After preparation of the theophylline-excipients blends, tablets with a diameter of 10 mm 

containing MCC and HPMC were made by direct compression. Starting with the MCC 

containing blends, the target was tablets with a mass of approximately 250 mg. The 
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compression force (11.8 kN) and filling volume selected was maintained constant for the 

HPMC tablets. Prior to liberation testing, the quality of the tablets was evaluated in terms of 

uniformity of mass, theophylline content, friability and hardness.  

 

Table 1. Mass, theophylline content uniformity, friability and hardness of pharmaceutical tablets. 

 
 

Tablets 

Mass 
(n = 20) 

 API Content 
(n = 10) 

 Friability 
(n = 10) 

 Hardness 
(n = 10) 

Average 
(mg) 

Percentage 
deviationa 

(%) 

 Average 
(mg) 

Percentage 
deviationb 

(%) 

 Mass loss 
% 

 Average 
(N) 

Deviation 
range 
(N) 

MCC 
PH101 

256.0 -4.6-4.8  47.6 94.6-105.9  0.1  126.7 104.9-138.2 

HPMC 
K15M 

224.5 -7.3-2.7  43.9 88.2-105.0  0.1  59.7 51.0-65.7 

HPMC 
K100M 

222.1 -7.4-3.0  40.8 89.2-108.6  0.0  105.1 97.0-125.4 

aRelative to the average mass. bRelative to average API content. 

 

 

Table 1 summarizes the properties of the direct-compressed tablets. The tablets had different 

average masses due to the constant compression force and filling volume applied to the drug-

excipient blends with different characteristics, e.g., densities. The results complied with the 

criteria of Ph. Eur. 2.9.5, in that percentage deviation should be not more than 5% for tablets 

with an average mass of 250 mg or more, and 7.5% for tablets with an average mass between 

80 and 250 mg. The uniformity of the theophylline content was assessed using UV 

spectrophotometry to determine whether the theophylline content in each tablet was within 

limits set with reference to the average content of the tablets. The percentage deviation of 

API content was acceptable according to the limit of Test A (± 15% around the average 

content) established by Ph. Eur. 2.9.6. Regarding the friability of tablets, a maximum mass 

loss of 1.0 % is considered acceptable for most products (Ph. Eur. 2.9.7). The mass loss of the 

prepared HPMC and MCC tablets was far below the maximum value and all the tablets were 

largely intact after the friability test. Tablet hardness was also assessed and results are 
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presented based on the method provided by the Ph. Eur. 2.9.8. The hardness of the HPMC 

tablets increased with increasing viscosity grade of the HPMC polymers used. This was in 

agreement with previous studies [30,31]. The results showed that the tablets had acceptable 

physical properties and were suited for subsequent liberation testing. In other cases, it might 

be better to attempt to have other parameter combinations constant – other than compression 

force and filling volume - such as tablet mass or API content constant. However, here the 

focus was to assess and demonstrate the potential of the methodology as an analytical tool. 

 

3.2. Development of UV-Vis liberation imaging method  

 

Figure 1. Schematic of the SDi2 whole dosage form setup connected downstream to a 

spectrophotometer. 

 

The liberation imaging setup applied is shown schematically in Figure 1. The system 

consisted of the SDi2 instrument with an UV-Vis spectrophotometer coupled downstream to 

monitor the medium leaving the imaging system. The SDi2 is a flow through system 

equipped with a USP IV type flow cell allowing imaging at two wavelengths during 

dissolution or liberation testing. Consequently, the liberation imaging setup has features 
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similar to the USP apparatus IV, such as easy adjustment of flow rate and medium change, 

maintenance of sink conditions and versatility with respect to dosage amenable to study [32]. 

As is shown in Figure 2 and Figure S1, a metal wire was used to hold the tablets in a fixed 

position in the flow cell. Hydrochloric acid (HCl, 0.01 M) maintained at 37 °C was used as 

the medium for simulating the gastric environment during the drug liberation study. When the 

dissolution medium is passed through the whole dosage form cell, light at two different 

wavelengths illuminates the cell. The intensity of the light reaching the CMOS chip is read in 

real time and used for the generation of absorbance images. The linear velocities of 1 and 2 

cm/min are typically used in the USP apparatus IV since the axial velocity of the body fluid 

was estimated as 1.3 - 1.5 cm/min based on the small intestinal transit times and the total 

length of the small intestine [33]. Therefore, two flow rate configurations (6.16 and 12.32 

ml/min) were utilized, which corresponded to the average linear velocities of 1 and 2 cm/min, 

respectively.  

 

Figure 2. Photos of theophylline tablets before and after liberation testing using a flow rate of 12.32 

ml/min. 

 

The tablets were monitored at 520 nm for visualization of the behavior of the excipients. At 

520 nm theophylline does not absorb light and light obscuration will be due to the tablet itself 
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or particles dissociated from the tablet. For quantitative UV imaging, it is a prerequisite that 

experimental conditions can be selected where the analyte, theophylline, has a suitable 

absorptivity, can be detected, and yet the absorbance should be within the linear range of 

Beer’s law. In practice, this implies the selection of a suitable compromise between the 

available wavelengths and flow conditions for the given substance and the imaging setup 

during method development [23]. For theophylline, the absorption maximum was at 271 nm 

in 0.01 HCl (Figure S2 in Supplementary materials). With the current setup, wavelengths of 

255 and 280 nm led to absorbance values outside the linear range of Beer’s law. Whereas a 

wavelength of 300 nm did not provide a signal sufficient for quantification of theophylline 

(Figure S3). The sample clip in Supplementary Video S1 shows the turbulent features of the 

flow pattern during a liberation experiment. This was in accordance with the flow patterns 

reported for the USP IV system [32]. With the selected flow rates, quantification of the 

theophylline liberation from the imaging at the wavelengths available was not possible due to 

turbulent flow patterns. Consequently, a UV-Vis spectrophotometer was connected 

downstream to the SDi2 to record the absorbance value of the effluent for theophylline 

quantification during the whole dosage form imaging experiments.  

 

3.3. Tablet behavior in liberation testing  

3.3.1. Tablet swelling behavior 

Figure 3A shows Vis images (520 nm) recorded at 0, 15, 60 and 180 min from imaging 

experiments of tablets prepared using the three excipients at the flow rates of 6.16 and 12.32 

ml/min. Theophylline does not absorb light at the visible wavelength 520 nm; thus, the 

absorbance changes within the images are due to light obscuration of the tablets, particles 

coming of the tablets and the metal wire holding the tablets. The data analysis software was 

used to determine the changes in tablet diameter as a function of time. A significant diameter 
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increase for the HPMC tablets was observed during liberation testing, whereas the MCC 

tablets exhibited only a slight change in size. The diameter of the HPMC K15M or K100M 

tablets increased around 2.5 mm during the experiments (Figure 3B). The swelling of the 

HPMC tablets was barely influenced by alteration of the flow rate of the dissolution medium. 

However, for the MCC cellulose tablets, increases of 1 and 0.5 mm were observed at flow 

rates of 6.16 and 12.32 ml/min, respectively, indicating a flow rate dependent swelling and 

erosion. In addition, it was apparent that an increase in diameter of the MCC tablets occurred 

during the first 30 min and after that the size of the tablets remained constant. It is important 

to note that the images of all the tested tablets were magnified when analyzed by the data 

analysis software and the apparent diameter was found to be consistently increased by about 

1.1 times. This was due to refraction and lensing effects of the cylindrical quartz flow cell. 
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Figure 3. Liberation imaging of theophylline tablets containing MCC and HPMC in 0.01 M HCl at 37 

°C. (A) Vis images of tablets. Imaging area: 28 × 24 mm2. Intense red color indicates high 

absorbance. (B) The diameter change of MCC and HPMC tablets (n = 3, mean ± SD). Detection was 

performed at 520 nm using a flow rate of 6.16 ml/min or 12.32 ml/min.  

 

During the experiment, the MCC tablets did not disintegrate but eroded instead. The surface 

polymer of the MCC tablets peeled off and was carried away by the medium, which was 

attributed to continuous medium penetration. The concomitant tablet swelling and cracking 

formed after liberation tests is apparent from Figure 2. The increase in flow rate accelerated 

erosion for the MCC tablets, offsetting their swelling. Thus, a relatively smaller diameter 

increase was found in the group at a flow rate of 12.32 ml/min as compared to 6.16 ml/min. 
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Figure 4. Liberation imaging of theophylline tablets in 0.01 M HCl at 37 °C. Vis images of tablets. 

Detection was performed at 520 nm using a flow rate of (A) 6.16 ml/min or (B) 12.32 ml/min. 

Imaging area: 28 × 24 mm2. Intense red color indicates high absorbance. The white arrays indicate 

polymer particles. 

 

More details on the tablet behavior during liberation testing at 15 min and 130 min are 

presented in Figure 4. API-excipient particles escaping from the MCC and HPMC tablets are 

exemplified in the Vis images at 130 min. The selected flow rate did not significantly impact 

the morphological structure of the tablets. The MCC tablets did not display the multilayer 

structure, which was observed in the HPMC tablets. The result suggested that the MCC 

tablets exhibited a surface erosion-based drug release profile. The main feature of surface 
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erosion-based drug release is that the infiltration layer, solid swollen layer, gel layer, and 

liquid layer are minimal or insignificant [34]. 

 

Table 2. The thickness of the gel layer formed in the HPMC tablets at 60, 120 and 180 min (n = 3). 
 
Time points (min) 

 
Flow rate (ml/min) 

Thickness (mm) 
HPMC K15M HPMC K100M 

60 6.16 0.4 ± 0.0  < 0.1 
12.32 0.5 ± 0.0 < 0.1 

120 6.16 0.7 ± 0.0  0.2 ± 0.0 
12.32 0.8 ± 0.1 0.2 ± 0.1 

180 6.16 0.8 ± 0.1  0.3 ± 0.0 
12.32 0.9 ± 0.1 0.3 ± 0.1 

 

 

Imaging at 520 nm revealed swelling and formation of a gel layer for the HPMC tablets. In 

the early stage of testing, almost identical penetration of water (finger-shaped water ingress in 

Figure 4) was observed for the two HPMC qualities. The gel layers situated on the surface of 

the tablets grew while the finger structures disappeared. The faces and edges/sides of the 

tablets were scoured by the flow medium and influenced by turbulence, resulting in 

inhomogeneous gel layer formation. Therefore, the top of the tablets (marked by white 

rectangles) was selected as the representative and the thickness of the gel layer in this region 

was evaluated at different time points and summarized in Table 2. A thicker gel layer was 

formed in the HPMC K15M tablets as compared to the HPMC K100M tablets. Water binds 

to the hydrophilic groups of HPMC. A previous study has shown that the amount of 

internally absorbed moisture for HPMC K15M was higher than for HPMC K100M [14]. A 

higher water influx contributed to the thicker gel layer observed in the HPMC K15M tablets. 

However, the thickness of the gel layer was independent of the flow rate of the dissolution 

medium under the conditions applied.  

Swelling of compacted HPMC has been investigated previously by so-called dissolution 

imaging [24, 26]. Taking advantage of a USP IV type flow cell, Ward et al. (2019) introduced 
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UV-Vis imaging for assessment of tablet swelling [26]. Tablets comprising different HPMC 

qualities were subject to investigation, while assessing effects of compressional forces and 

flow rates as well as measurement settings. In contrast to the previous studies [24, 26], our 

study included an API in the tablets facilitating the use of the dual-wavelength capacity of the 

SDi2 instrument. Interestingly, a different approach has been taken with respect to tablet 

orientation in the study by Ward et al. (2019) and the current study. This prevents further 

comparison, but in our view, points to the flexibility of the technology. The optimal approach 

may be dependent on the materials subject to study.  

 

3.3.2. Theophylline liberation 

Quantification of theophylline was done using the downstream UV-Vis spectrophotometer at 

243 nm, because the liberation rate of theophylline could not be determined from the UV 

images. The relationship between absorbance and concentration of analyte was within the 

linear range of Beer’s law (see Figure S4 in supplementary materials). 
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Figure 5. Drug liberation rates at (A) 6.16 ml/min or (B) 12.32 ml/min of flow rate detected by 

downstream spectrophotometer (Detection wavelength 243 nm, n = 3, mean ± SD). 

 

Initially, a high drug liberation rate was found for the MCC tablets (Figure 5). Over time, the 

rate of drug liberation from the MCC tablets decreased to the same level as that from the 

HPMC tablets. Altering the flow rate had a significant effect on theophylline liberation rate 

for the MCC tablets, but only a slight effect for the HPMC tablets. Large standard deviations 

can be seen in the rate of drug liberation at certain time points. This may be attributed to 

particles escaping from the tablets leading to a high absorbance as they passed the flow cell 

of the downstream UV-Vis spectrophotometer. Particles escaping the tablets were captured 

by the SDi2 camera (Figure 4). The SDi2 was equipped with a mesh (2 mm) at the exit of the 
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flow cell rather than a filter. For formulations similar to those investigated here, the 

introduction of a filter (or glass wool) to prevent particles from escaping the flow cell might 

be useful in future experiments. Both the UV-Vis spectrophotometric measurements and the 

imaging performed here show the occurrence of dissolved theophylline as well as particles 

shed from the tablets and, hence, highlight the relevance of the liberation term promoted here. 

Due to the relatively high solubility of theophylline and limited number of particles, it may be 

appropriate to approximate the liberation rates in Figure 5 with theophylline dissolution 

rates. 

The initial high theophylline liberation from the MCC tablets in the early stages of the 

liberation experiments may be attributed to the dissolution of the drug substance at the tablet 

surface. When exposed to the aqueous medium, the high porosity of MCC allows the rapid 

penetration of water and highly soluble drug molecules that are at or near the solvent-

hydrogel interface to escape rapidly into medium, resulting in the relatively high initial drug 

release-initial burst release. After 10 min, theophylline liberation from the MCC tablets 

decreased. This was probably because of drug particles embedded into the MCC matrix, 

retarding drug dissolution. The matrix surrounding theophylline would prevent water from 

getting into contact with the drug compound, thereby retarding the drug release. The HPMC 

tablets exhibited a lower initial liberation level as compared with the MCC tablets. For the 

HPMC tablets, hydration of the polymer occured rapidly with the formation of a gelatinous 

barrier layer around the tablets once in contact with water. The gel layer reduced the water 

ingress and decreased the drug diffusion rate and release. Therefore, only a small amount of 

superficial drug in the HPMC tablets was able to dissolve into medium initially. With respect 

to the theophylline dissolution rate from the HPMC tablets, a slow decrease in the liberation 

rate was observed during the experiments. It may be attributed to a progressively thicker gel 
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layer increasing the drug diffusional path length [35]. The continuous polymer hydration, 

along with the increasing diffusion path, decreased the liberation rate. 

 

4. Conclusions 

UV-Vis imaging as a novel approach for the functional characterization of excipients used in 

solid oral dosage forms was explored. The simultaneous quantitative evaluation of swelling 

and erosion behavior of direct-compressed theophylline-excipient blends showed that the 

HPMC tablets swelled to a greater extent as compared to the MCC tablets. Furthermore, the 

gelatinous layers, which were only evident in the HPMC tablets by Vis imaging, had different 

thickness for HPMC K15M and for K100M. The liberation rate profiles were also recorded 

using an additional UV spectrophotometer. The SDi2 imaging system connected with a 

downstream UV spectrophotometer was able to characterize and differentiate the various 

liberation behavior and microstructures of the tablets prepared using different excipients. This 

approach holds promise for visualizing excipient performance related to drug liberation 

behavior. The choice of theophylline as model drug limited the scope of the results because it 

is too soluble in water to allow for good discrimination between release and dissolution and 

therefore further work with poorly soluble drugs is contemplated. 
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