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Abstract 14 

UV imaging provides spatially and temporally resolved absorbance measurements, which are highly 15 

useful in pharmaceutical analysis. Commercial UV imaging instrumentation was originally 16 

developed as a detector for separation sciences, but the main use is in the area of in vitro dissolution 17 

and release testing studies. The review covers the basic principles of the technology and 18 

summarizes the main applications in relation to intrinsic dissolution rate determination, excipient 19 

compatibility studies and in vitro release characterization of drug substances and vehicles intended 20 

for parenteral administration. UV imaging has potential for providing new insights to drug 21 

dissolution and release processes in formulation development by real-time monitoring of swelling, 22 

precipitation, diffusion and partitioning phenomena. Limitations of current instrumentation is 23 

discussed and a perspective to new developments and opportunities as new instrumentation is 24 

emerging.    25 

 26 

Keywords: Diffusion; Dissolution imaging; dissolution testing; in vitro release; UV imaging 27 

Abbreviations: API, active pharmaceutical ingredient; ATR-FTIR, attenuated reflectance-Fourier 28 

transform infrared; CARS, coherent anti-Stokes Raman Scattering Microscopy; CMOS, 29 

Complementary metal oxide semiconductor; EMMA, electrophoretically mediated micro-analysis; 30 

LED, light emitting diode; MCT, medium chain triglyceride; MRI, magnetic resonance imaging; 31 

TDA, Taylor dispersion analysis  32 
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1. Introduction 35 

Analysis is an indispensable part of the drug development process from discovery to quality control 36 

of drug products. The methods of analysis have to meet different requirements for use in the various 37 

development stages reflecting the amounts of material available, need for throughput and 38 

multiplexing, selectivity required, user friendliness, resources available in terms of operator 39 

expertise, etc. In the early phase of the drug development process, e.g., preformulation, where 40 

physicochemical profiling is central there is a large interdependence between the development 41 

candidates and the analysis methods utilized. The physical chemical properties of the active 42 

molecules largely define which methods are suitable for analysis and characterization. UV-Vis 43 

spectrophotometry is widely used in pharmaceutical analysis alone or in conjunction with a 44 

separation method. The widespread use of UV-Vis spectrophotometry stems from the fact that most 45 

drug substances tend to absorb light somewhere in the range from 190 – 800 nm. The chromophores 46 

within a molecule will determine where and to what extent the compound will absorb light in the 47 

UV-Vis absorption spectrum and is ultimately dependent on the molecular structure. A UV-Vis 48 

spectrum may in some instances be useful for compound identification as well as in the 49 

determination of physical chemical properties such as pKa, partitioning and complexation [1]. 50 

However, quantification of drug substances is by far the main application of UV-Vis 51 

spectrophotometry in pharmaceutical analysis. Quantitative analysis is done from measurement of 52 

absorbance, A, on basis of the Beer-Lambert law, which is commonly, which are commonly 53 

summarized into the simple equation:  54 

𝐴 = 𝑙𝑜𝑔 (
𝐼𝑜

𝐼
) = 𝜀𝑏𝑐    (1) 55 

where Io and I are the intensities of the incident light and the transmitted light, respectively, ε is the 56 

molar absorption coefficient, b is the light path, and c the concentration of the light absorbing 57 
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compound. The proportionality between absorbance and the concentration of the absorbing species 58 

makes quantification using spectrophotometry straightforward.  59 

UV-Vis spectrophotometry is widely used in drug analysis and development; coverages of 60 

instrumentation and principles of analysis can be found elsewhere [1-3]. The topic of the current 61 

review, UV imaging, can be considered an expansion of UV-Vis spectrophotometry. UV imaging 62 

utilizes the UV absorbing properties of the analyte to generate spatially and temporally resolved 63 

absorbance maps in a transparent matrix, which may be converted into analyte concentration maps 64 

using the Beer-Lambert law (Eq. (1)). The review will briefly describe the measuring principle 65 

providing a foundation for the reader to appreciate advantages and limitations of the technology and 66 

to evaluate the types of experiments feasible using UV imaging. The aim is to summarize main 67 

applications of UV imaging with a focus on uses within physical chemical characterization and in 68 

vitro dissolution and release testing. The review does not intend to give a detailed treatment of the 69 

published literature on UV imaging, or surface dissolution imaging, as the technique is also called. 70 

Based on the recent trends and applications as well as ongoing instrument developments, the 71 

author´s perspective on future directions within UV imaging or UV-Vis imaging is provided along 72 

with a view on the positioning of UV imaging relative to the more advanced imaging techniques 73 

increasingly explored in in vitro drug dissolution and release testing and pharmaceutical analysis. 74 

 75 

2. UV imaging principle of measurement 76 

The principle components of the UV imaging instrumentation available are a light source and a 77 

complementary metal oxide semiconductor (CMOS) camera chip coated with a phosphorous layer. 78 

Depending on the instrument design and light source applied (a pulsed Xe lamp or light emitting 79 
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diodes (LEDs)), additional components of the instrumentation may include band pass filters for 80 

wavelength selection, fibre optic cable and collimating lenses for presenting the light to the 81 

measuring region as well as a quartz cuvette or flow cell. Key components of a UV imaging 82 

instrument are shown in Figure 1. The role of the phosphorous layer is to convert the light from a 83 

UV wavelength into the visible wavelength range where the CMOS chip is active [4]. The Sirius 84 

SDI UV imaging system and the related ActiPix D100 holds a pulsed Xe lamp as the light source 85 

and a sensor chip with an area of 7 × 9 mm2 composed of 1024 × 1280 pixels with the dimensions 86 

of 7 × 7 µm2. A band pass filter is used in these instruments for wavelength selection and 87 

consequently only a single wavelength can be applied at a time. A thorough characterization of the 88 

SDI and D100 systems was recently performed including noise and resolution assessment [4]. The 89 

special feature of these devices is the ability to image in the UV, however, since the CMOS chip is 90 

active in the visible range, the system can operate both at UV and visible wavelengths and UV-Vis 91 

imaging may be an equally appropriate designation. As will be apparent from the following, 92 

published works have been performed using the 7 × 9 mm2 imaging systems. Taking advantage on 93 

chip development, instruments with dual-wavelength imaging capabilities and larger imaging area 94 

(e.g., 24 × 28 mm2) are now becoming available [5]. 95 

 96 

3. UV imaging as means of detection in separation science 97 

The first available UV imaging system, the ActiPix D100 detector (Paraytec Ltd., York, UK) was 98 

originally developed as a detector for separation science. The imaging area has been utilized to 99 

provide two or multiple detection windows along looped capillaries used in electrophoresis-based 100 

separations [6-10] and Taylor dispersion analysis [11-14] or to facilitate multiplexed analysis [15]. 101 

Having more detection points along a capillary showed potential in monitoring reactions occurring 102 
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inside capillaries using electrophoretically mediated micro-analysis (EMMA) in relation to, e.g., 103 

gluthathione oxidation [6], beta-lactamase and tyramine oxidase activity [7, 8]. Cottet and co-104 

workers exploited the UV imaging platform to mobilize and focus bacteria with the aim of bacteria 105 

quantification and investigation of interactions between antibacterial agents and bacteria in 106 

capillaries [16, 17]. A capillary setup utilizing two detection windows allowed development of an 107 

assay determining both ligand-protein binding (human serum albumin or 1-acid glycoprotein) and 108 

protein hydrodynamic size by combining affinity capillary electrophoresis and Taylor dispersion 109 

analysis [10]. Taylor dispersion analysis (TDA) [18, 19] performed in narrow capillaries with, 110 

typically, 50 or 75 µm inner diameter is increasingly used for the determination diffusion 111 

coefficients or hydrodynamic radii of low-molecular weight substances, peptides and proteins as 112 

well as nanoparticulates of pharmaceutical relevance, e.g., [11-14, 20-27]. TDA has found use as a 113 

relatively rapid (~5-15 min analysis time) and complementary sizing method as compared to 114 

dynamic light scattering in pharmaceutical analysis. It is based on the dispersion of the analyte 115 

occurring in a tube when subjected to a Poiseuille laminar flow. The flow velocities differ across 116 

the capillary causing the analyte to exhibit a special dispersion pattern, Taylor dispersion, which is 117 

related to the size (diffusivity) of the molecule. Diffusion of the analyte over the cross section of the 118 

capillary determines the peak broadening, i.e., the dispersion, assuming that diffusion along the 119 

capillary axis is negligible compared to convective transport [21, 28]. UV imaging (UV area 120 

imaging) has found use in TDA applications, as a means for providing two detection points, which 121 

under certain experimental conditions may alleviate the need to correct for changes in flow rate and 122 

sample volume and to more robust analysis assays [11]. Used in this way, the data output is 123 

absorbance versus time traces and for the analyst the imaging aspect of limited importance. The 124 

main use, however, is in in vitro drug dissolution and release studies as will appear in the following.  125 

 126 
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4. In vitro drug dissolution testing 127 

4.1 Intrinsic dissolution testing 128 

Determination of intrinsic dissolution rates is performed in relation to compound characterization 129 

and assessment of so-called developability potential [29, 30]. The material requirements of the 130 

traditional disk dissolution methods, e.g., Woods’ apparatus, effectively constitute a bottleneck for 131 

the determination of intrinsic dissolution rates in the early drug development phase. Consequently, 132 

there has been interest in developing miniaturized dissolution methods [31, 32]. These efforts have 133 

included development of powder [33], single particle [34, 35], and stationary [36] or rotating disk 134 

[30, 33, 37] as well as flow-through dissolution methods [38]. The SDI UV imaging system 135 

provides a small-scale flow-through dissolution testing alternative to the above mentioned methods. 136 

Utilizing the ActiPix D100 detector as the core a dissolution testing setup including syringe pump, 137 

medium temperature control and flow cell was developed [39]. The overall design has essentially 138 

remained unaltered from the first versions and studies [40, 41] to the more recent systems/studies 139 

[42]. However, the system has been through a number of iterations aiming at improving 140 

repeatability between experiments (change in materials), flow cell design (light path change from 3 141 

to 4 mm) and resolution and collimation of light (introduction of a lens in the optical path) [4].  142 

The dissolution of amlodipine besylate, as the amorphous salt, and the crystalline anhydrate and 143 

dihydrate salt forms as well as the amlodipine free base constituted the first case study reported in 144 

2011 introducing UV imaging-based dissolution testing [41]. Amlodipine besylate, ~6 mg, was 145 

compressed in a 2 mm inner diameter stainless steel cylinder, which was subsequently mounted in 146 

the flow cell followed by dissolution imaging at 355 nm at ambient temperature applying a flow 147 

rate of 0.2 ml min-1 of acetate buffer, pH 3.5, across the compact surface. The 2D absorbance maps 148 

(UV images) captured the dissolution of amlodipine from the compact surface and transport 149 
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downstream from the compact. The images also indicated swelling, crystal growth and/or 150 

precipitation at the compact surface for the metastable forms of amlodipine besylate which was 151 

subsequently attributed to form changes occurring using Raman spectroscopy for verification [41]. 152 

Dissolution rates as a function of time were obtained from the UV images ranking the various forms 153 

of amlodipine besylate and amlodipine in terms of dissolution performance. A number of flow-154 

through dissolution studies aiming at characterizing the dissolution behavior of drug substances and 155 

at determining intrinsic dissolution rates have followed encompassing model compounds such as 156 

carbamazepine, celecoxib, furosemide, griseofulvin, ibuprofen, indomethacin, ketoprofen, 157 

naproxen, paracetamol, sulfathiazole and theophylline [43-50] (Table 1). Typical experimental 158 

conditions encompass the compaction of ~3 mg to 10 mg of compound, flow rates in the range from 159 

0.1 ml min-1 to 1.0 ml min-1 at ambient temperature or 37 oC with typical run times of 10 min to 20 160 

min. Although dissolution experiments have been performed for up to 180 min [47].  Dissolution 161 

media applied include simple buffers, surfactant containing solutions [50, 51] as well as simulated 162 

intestinal fluids [32, 45, 46]. Maleic acid containing buffers may constitute a challenge when 163 

imaging at a low UV wavelength is desired. The flow-through cell is in essence a miniaturized 164 

version of the Shah and Nelson flow-through system [52] and characterized by laminar flow 165 

conditions [44]. 166 

Dissolution rates from the compact or disk flow-through dissolution studies are extracted from the 167 

images using the instrument software. Algorithms, unfortunately unpublished, are applied for 168 

calculation of drug dissolution rates based on the geometry and hydrodynamics of the flow cell 169 

while using the applied flow rate and the molar absorption coefficient of the drug substance. The 170 

dissolution rate is calculated using the absorbance values read in a defined part of the recorded 171 

images, within this region the absorbance values should be within the linear range of the Beer-172 

Lambert law for correct calculation of dissolution rates. It is the experience of the author, that it 173 
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may be difficult to achieve this for certain compounds. Method development will often be an 174 

iterative process involving the testing of different combinations of wavelengths and flow rates and 175 

construction of a calibration curve in order to define experimental conditions where a linear relation 176 

between absorbance and concentrations is achieved in the measurement zone. It should be 177 

emphasized that the calibration curve (determination of the molar absorption coefficient) should be 178 

determined using the UV imaging instrument [4]. Different values may be attained when using, for 179 

instance, a spectrophotometer. The main use of UV imaging based dissolution studies may be rank 180 

ordering of the dissolution behavior of different solid forms, including salts and cocrystals of a 181 

given active pharmaceutical ingredient (API), e.g., [41, 43, 46, 47]. However, the quantitative 182 

performance of the imaging method should be established, in order to have an idea of the magnitude 183 

of potential error. In addition, dissolution testing is viewed as a quantitative discipline and the 184 

analyst may face significant challenges communicating dissolution testing results, which are semi-185 

quantitative or qualitative although significant information on the dissolution process may be 186 

captured by imaging. In the few studies comparing dissolution rates obtained by imaging to values 187 

determined from sampling the effluent exiting from the UV imaging flow cell have provided 188 

variable levels of agreement [44-46, 48, 50]. Viscosity, density or buoyancy effects may lead to 189 

deviations from an idealized flow profile; add to this deviation due to optical effects and differences 190 

between image and effluent derived dissolution rates can be envisioned. 191 

With the UV imaging dissolution setup it is possible to monitor the drug dissolution process from 192 

the time point where the dissolution medium gets into contact with the drug substance. A common 193 

feature of many intrinsic dissolution rate versus time profiles, is a relatively high initial dissolution 194 

rate which over time decreases approaching a steady state value, e.g., [41, 48, 49]. This 195 

phenomenon, which may more easily be detected in a flow-through system than in a vessel 196 

dissolution method, has earlier been attributed to initial surface roughness and surface smoothening 197 
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occurring during the dissolution experiment [38]. A homogeneous disk surface is often assumed in 198 

drug dissolution testing, however, this may be an overly simplistic view. Using UV imaging, 199 

Niederquell and Kuentz found the initial rates of dissolution for celecoxib, ketoprofen, naproxen 200 

and sulfathiazole to decay to a pseudo-equilibrium or steady state rate, which could be described by 201 

a power law [49]. Scanning electron microscopy (SEM) images supported the notion of sample 202 

surface heterogeneity. High variability with respect to dissolution rate was observed in the early 203 

phase of the experiments consistent with fractal-like dissolution behavior [49]. The existing 204 

literature indicates that special attention should be put on sources of variability when developing 205 

UV imaging for dissolution testing further (Table 1). The benefits of the small-scale UV imaging 206 

flow-through dissolution setup is not only about developing compound sparing assays but the high 207 

temporal resolution offers opportunities to shed further light on the dissolution processes and 208 

perhaps challenge classical dissolution models [32].  209 

A lot of interest in early drug development is centered on form selection because increased 210 

exposure may be attained by the use of high-energy (metastable) solid forms or supersaturating drug 211 

delivery systems [53-56]. However, a metastable form of a substance may convert into a less 212 

soluble form during dissolution thereby potentially offsetting the advantage of using a high-energy 213 

form [57-59]. In some simple cases, it may be possible to infer solvent-mediated solid form changes 214 

from in vitro dissolution studies; however, as discussed above a decrease in dissolution rate can 215 

have other causes than form transformation. The interest in solid form selection and changes is also 216 

reflected in the UV imaging based dissolution studies conducted (Table 1). Often X-ray 217 

diffractometry and/or Raman spectroscopy have been applied for solid form identification and 218 

verification. Flow-through intrinsic dissolution testing devices have shown to be well suited for 219 

integration with Raman spectroscopy providing in situ solid form characterization [60, 61]. In situ 220 

Raman spectroscopy has also been successfully combined with UV imaging-based dissolution 221 
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testing [42, 48]. Østergaard et al. investigated the anhydrate to monohydrate conversion and salt 222 

disproportionation of theophylline and sodium naproxenate, respectively, during dissolution [48]. 223 

These initial results were encouraging and the extraction of dissolution rates and solid form changes 224 

with high temporal resolution in combination with visualization of the dissolution process using 225 

only a small quantity of substance is likely to be a powerful tool in a preformulation setting.   226 

 227 

Additional UV imaging-based methods related to intrinsic drug dissolution have appeared. Single 228 

individual crystals of lidocaine has been investigated in stagnant buffer and later imbedded in 229 

agarose gel [4, 62]. Concentration distributions as well as the amount of lidocaine dissolved as a 230 

function of time was determined. It is known that surface pH may differ from bulk pH during 231 

dissolution. Using the disk dissolution setup, Vis imaging was performed with a pH indicating dye 232 

added to the dissolution medium. Hereby pH changes in the vicinity of the drug disk was probed 233 

investigating the dissolution of sodium naproxenate in dilute HCl as a model system [63]. Further 234 

studies using this setup are required to assess the general applicability for drug substances with 235 

varying solubilities and ionization properties, which way be helpful in unravelling dissolution 236 

events. Lu and Li applied the disk dissolution setup for assessment of drug diffusivity and solubility 237 

of carbamazepine and ibuprofen under static conditions [64]. Good agreement with reference data 238 

were obtained using this relatively rapid approach for determination of diffusivity and solubility.  239 

 240 

4.2 Dissolution testing: Excipient compatibility and towards oral dosage form development 241 

The spatially resolved absorbance measurements performed using only the single wavelength 242 

characteristic of current UV-Vis instrumentation can make it difficult or impossible to discern 243 

between absorbance of the dissolved drug substance and light scattering or obscuration of 244 
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particulates and solid material. This challenge exists in the intrinsic dissolution tests and is 245 

augmented in multi component systems, i.e., in the presence of excipients. The advantage of having 246 

more than one wavelength available in drug dissolution studies has been recognized as will be 247 

discussed briefly in Section 5. The approach to (partly) alleviate this challenge has been to perform 248 

parallel imaging studies using one wavelength in the visible and one wavelength in the UV range 249 

[50, 65]. The increasing use of imaging methods in drug development is to a large extent driven by 250 

the desire to link dissolution or release rates to physical and structural changes related to the 251 

excipients or dosage form for attaining a better understanding of complex dissolution processes 252 

[66]. To this end, the swelling and gelling behavior of the commonly used excipient hydroxypropyl 253 

methylcellulose (HPMC) was investigated employing UV imaging at 214 nm [67]. It was possible 254 

to differentiate between two HPMC qualities and, with reference to models of polymer behavior 255 

[68, 69], it was possible to identify diffusion layers, erosion fronts and gel points [67]. The HPMC 256 

was compressed in the 2 mm i.d. cylinders used for disk dissolution and the polymer swelling and 257 

dissolution were assessed by measuring absorbance as function of distance from the original 258 

compact surface. Colombo et al. applied a similar setup for characterization of amorphous solid 259 

dispersions containing nilotinib embedded in hydroxypropyl methylcellulose phthalate and in 260 

HPMC [42]. UV imaging with simultaneous Raman spectroscopy was instrumental in unravelling 261 

the complex interaction between the kinase inhibitor and the excipients, which was dependent on 262 

mode of mixing (solid dispersion versus physical mixture), drug load, and pH. UV images 263 

visualized matrix swelling behavior and nilotinib dissolution, and Raman spectroscopy provided 264 

information on the solid form of the drug substance and was helpful in identifying nilotinib-265 

hydroxypropyl methylcellulose phthalate interactions [42]. The dissolution behavior of drug-266 

phospholid solid dispersions have also been investigated by UV imaging [70]. Dissolution imaging 267 

revealed different performance of monoacyl and diacyl phospholipids with respect to improving 268 
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drug dissolution relative to that of the pure solid drug substances. UV imaging identified significant 269 

surface swelling, attributed to lipid hydration, and also pointed to the importance of shear for the 270 

dispersion and drug dissolution from the compacted drug-phospholipid dispersions [70]. The 271 

dissolution of compacted indomethacin nano- and micro-crystals [65] have been subject to UV 272 

imaging-based dissolution testing. Dissolution imaging indicated the escape of particles from the 273 

disk surfaces during flow-through dissolution testing (a process likely to be overlooked by 274 

traditional methods). In addition, a distinct increase in dissolution rate was found for the nano-275 

crystals as compared to bulk indomethacin. Surfactants were used as stabilizers for the particles, 276 

thus, the elevated local indomethacin concentrations could not conclusively be attributed to 277 

supersaturation. The dissolution of griseofulvin from griseofulvin-sodium dodecyl sulfate disks was 278 

compared to dissolution from pure griseofulvin disks with various concentrations of SDS added to 279 

the dissolution medium [50]. The solubility enhancing effect of co-compressed SDS lead to grossly 280 

increased griseofulvin concentrations at the swelled compact surface as detected by UV imaging. 281 

Also, UV imaging in combination with dynamic light scattering revealed the escape of drug 282 

particulates from griseofulvin disks [50]. Again, phenomena difficult to detect and document using 283 

conventional dissolution tests. UV imaging was recently applied to visualize furosemide release 284 

from assemblies of Eudragit coated microwells (240 µm i.d.) documenting the satisfactory sealing 285 

of the wells and the expected pH triggered release occurring upon change from acidic to neutral 286 

dissolution medium [71]. In the latter study, UV imaging was solely used for qualitative assessment 287 

of the micro-fabricated drug containers. This is consistent with an emerging trend that increasing 288 

emphasis is on the visualization or qualitative abilities of UV imaging with increasing complexity 289 

of the systems subject to study. The size of the Sirius SDI UV imaging systems puts an obvious 290 

limitation to the systems amendable for study. The largest units investigated appear to be the ethyl 291 

cellulose coated extrudates (~1 mm in length) containing 5-aminosalicylic acid [72]. 5-292 
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Aminosalicylic acid release from extrudates with different coating layer thickness was subject to 293 

investigation using UV imaging and the traditional paddle dissolution method. Overall, results 294 

obtained using the two methods were consistent, slower drug release with increasing amounts of 295 

coating polymer, however, most striking was the variability revealed for the individual extrudates 296 

observed using UV imaging as compared to the bulk dissolution test. Positioning of the extrudates 297 

within the imaging area was done by embedding the extrudate in a transparent agarose gel. This 298 

allowed the unit to be surrounded by aqueous medium on all sides, in addition the agarose gel 299 

eliminates the effects of density gradients [72]. This, however, essentially reduces drug transport 300 

away from the formulation to occur by diffusion and the maintenance of sink condition is not 301 

possible. The continued development of suitable holders and cells is required in order to widen the 302 

applicability of UV imaging in dissolution testing.  303 

The focus is here exclusively on UV imaging, however, it is worth emphasizing that the studies 304 

discussed in this section have in common that UV imaging is one method among a suite of 305 

techniques applied for detailed characterization of the drug substances, drug-excipient mixtures and 306 

formulations. 307 

 308 

5. In vitro drug release studies 309 

This section gives an account of UV imaging-based release studies performed on substances and 310 

systems intended for other routes of administration than the oral route. Release of nicotine from 311 

Nicorette patch samples into phosphate buffer constitute the first published application of UV 312 

imaging [40]. It may be argued that the release medium is not optimal for assessment of transdermal 313 

delivery and the lasting significance of the study may be the demonstration of concentration 314 

gradient monitoring and the quantitative performance of UV imaging.  315 
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Otherwise, the application of UV imaging has mainly related to subcutaneous administration and 316 

injectables (Table 1). In this work hydrogels have played a significant role either as the delivery 317 

vechicle or as a model of subcutaneous tissue. Ye et al. investigated the diffusion of piroxicam and 318 

human serum albumin in hydrogels prepared from the poly(ethylene oxide)–poly(propylene oxide)–319 

poly(ethylene oxide) triblock copolymer Pluronic F127 [73]. Drug diffusion in the Pluronic F127 320 

hydrogels was monitored at 355 nm and 280 nm for piroxicam and human serum albumin, 321 

respectively, in a rectangular parallel-piped quartz cells and the diffusion coefficients were 322 

subsequently determined by fitting concentration-distance profiles to an equation based on Fick´s 323 

second law. Proof-of-concept release studies were performed using a piroxicam-containing Pluronic 324 

F127 hydrogel in a miniaturized format. The piroxicam-loaded gel was placed in contact with 325 

phosphate buffer serving as the release medium subjected to agitation using magnetic stir bar while 326 

UV imaging facilitated monitoring and quantification of piroxicam release as well as hydrogel 327 

erosion [73]. This setup, in the view of the author, represents one of the most interesting and 328 

promising setups utilizing UV imaging for in vitro release studies. Unfortunately, only a few studies 329 

were conducted in this direction and a robust and user-friendly system was not fully established.  330 

Hydrogels are not only used as delivery vehicles but have served as models for soft tissues in 331 

relation to drug release testing [74-80]. Hydrogels may be of interest in the characterization of 332 

liquid injectables (as well as other formulation types) because of their ability to confine the injected 333 

solution in a defined volume and by serving as a diffusion barrier. Using piroxicam as a model 334 

compound, the diffusion and partitioning from medium chain triglyceride (MCT) into agarose and 335 

Pluronic F127-based hydrogels have been investigated by UV imaging in a simplified geometry as 336 

well as after injection small volumes [81, 82]. The sensitivity of the diffusion-based imaging setup 337 

was ascertained by Jensen et al. investigating the diffusion of human insulin [83]. The concentration 338 

dependent human insulin self-association behavior was captured by UV imaging when monitoring 339 
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insulin diffusion in an agarose matrix. The hydrodynamic radii obtained from the measured 340 

diffusion coefficients corresponded well to the sizes of insulin monomer, dimer and hexamer. These 341 

studies were followed by insulin dissolution studies investigating the dissolution of insulin from the 342 

2 mm i.d. disks into the agarose matrix [84]. Using the so-called pH-indicator method [63], 343 

imbedding a pH sensitive indicator in the hydrogel matrix, imaging was used to monitor micro-344 

environmental pH changes during dissolution of insulin under different conditions and subsequently 345 

to rationalize the observed in vitro dissolution behavior of insulin [84]. Insulin was also used as the 346 

model substance in UV imaging-based investigation of protein release from Sterotex implants into a 347 

hydrogel matrix [85]. Limitations related to the small size of the SDI imaging system were apparent 348 

from these studies. Interestingly, significantly different release profiles were obtained for the 349 

implants using 3 different in vitro release testing methods [85]. Recently, in situ PLGA implant 350 

formation has been investigated using the SDI instrumentation suggesting that, in this case, Vis 351 

imaging may provide an interesting complement to existing characterization methods [86]. 352 

The majority of the UV imaging studies performed in relation to in vitro release testing of 353 

parenterals (Table 1) have proof-of-concept character. Future activities in this important area can 354 

benefit from access to a larger imaging area and availability to more than one wavelength together 355 

with development of dedicated cells for positioning of the systems and formulations subject to 356 

study. A collection of the cells employed in published works can be found elsewhere [87]. The 357 

utilization of gel matrixes is interesting but the integration of a convective transport component will 358 

significantly expand the versatility and applicability of UV imaging. 359 

 360 

6. Opportunities of UV-Vis imaging in pharmaceutical analysis 361 
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The sections above cover the current applications of UV imaging in pharmaceutical analysis. It is 362 

clear that the relatively small imaging area (7 × 9 mm2) that has been available in the commercial 363 

instrumentation so far has limited the delivery systems and dosage forms suited for characterization 364 

by UV imaging. Figure 2 shows the release of the antidiabetic agent metformin from a commercial 365 

tablet, Glucophage SR, using a USP apparatus IV-like flow cell and a Sirius SDi2 UV-Vis imaging 366 

prototype system (Sirius Analytical Ltd, Forest Row, UK). The images visualize the dissolution 367 

behavior of the prolonged release tablet when subject to simulated gastric medium, pH 1.2, for 2 h 368 

and subsequent exposure to phosphate buffer, pH 6.8, for additional 8 h. Swelling of the tablet is 369 

apparent at the visible (520 nm) and UV (255 nm) wavelengths whereas the release of metformin is 370 

detectable only at 255 nm and only after the medium change to near neutral pH (Figure 2). The dual 371 

wavelength imaging capability provides the possibility to separate released drug substance from the 372 

signal due to the formulation and, thus, the important opportunity to relate drug dissolution to 373 

physical changes in the formulation or delivery system (here matrix swelling), which may easily be 374 

missed during conventional dissolution testing. Images like those depicted in Figure 2 provide a 375 

qualitative assessment of metformin release behavior; with the development of suitable image 376 

analysis features it may be possible to quantitatively assess local concentrations, release rates, and 377 

degree and rate of tablet swelling. Visualization of the dissolution behavior of the whole dosage 378 

forms is important in terms of understanding dissolution performance and unravelling dissolution 379 

mechanisms and may also be achieved using other imaging techniques, such as optical imaging [88-380 

90], magnetic resonance imaging (MRI) [91-93], attenuated reflectance-Fourier transform infrared 381 

(ATR-FTIR) [90, 94, 95], Raman imaging [66, 88], and coherent anti-Stokes Raman scattering 382 

(CARS) [96, 97]. It will be interesting to see what role UV-Vis imaging of whole dosage form will 383 

eventually play relative to the existing complementary imaging techniques. It is the view of the 384 

author that the relative simplicity of UV-Vis imaging in relation to operation and data interpretation 385 
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will facilitate the uptake and use in formulation development labs. A special feature of UV-Vis 386 

imaging is the opportunity to measure solution concentrations, albeit concentrations averaged across 387 

the light path, next to the dosage form. However, limitations are also apparent. UV-Vis imaging 388 

lacks the chemical selectivity of ATR-FTIR, Raman mapping and CARS. Also, UV-Vis imaging 389 

does not possess the ability to monitor change in internal structure, e.g., due to water ingress, and 390 

3D capability of MRI.  391 

 392 

7. Conclusion 393 

UV imaging provides real-time monitoring of a range of drug dissolution and release processes. The 394 

technique holds potential for providing new insights to drug dissolution and release processes in 395 

formulation development by visualizing and quantifying diffusion swelling, precipitation, diffusion and 396 

partitioning phenomena. A major application is the determination of intrinsic dissolution rates using a flow 397 

through setup. In combination with in situ Raman spectroscopy, UV imaging provides a powerful tool for 398 

assessing dissolution performance of an API, including evaluation of solvent-mediated phase 399 

transformations. A second emerging area of application of UV imaging, although less well 400 

developed, is release testing of parenteral formulations for which there is a need for new in vitro 401 

testing methods to support formulation development as well as quality assessment. Studies 402 

performed in this area are deemed promising but have mainly the character of proof-of-concept 403 

studies. The small size of current instrumentation has limited studies to encompass mainly pure API 404 

and drug-excipient mixtures. Another limitation has been the one-wavelength-at-a-time 405 

configuration making interpretation of images difficult for multi component systems. Recent 406 

instrument developments offer both a larger imaging area as well as dual-wavelength imaging 407 

opening a range of new opportunities for UV-VIS imaging in pharmaceutical analysis including 408 
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whole-dosage form imaging. Imaging techniques are finding increasing use in drug dissolution and 409 

release studies due to the high information content and UV imaging appear to be a useful simple-to-410 

operate complement to the existing methods focusing mainly on the solution phase.    411 
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Figures: 682 

 683 

Fig. 1. Schematic representation of the UV imaging instrument components.  684 
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 685 

Fig. 2. UV and visible absorbance/light obscuration maps obtained for Glucophage SR, 500 mg 686 

metformin HCl tablet (Merck Serono Ltd, Feltham, UK) in 0.1 M HCl (pH 1.2) containing 2.0 g l-1 687 

NaCl  and 50 mM KH2PO4 (pH 6.8) using a Sirius SDi2 UV-Vis imaging prototype system (Sirius 688 

Analytical Ltd, Forest Row, UK). The diameter and volume of the quartz flow cell were 28 mm and 689 

60.3 ml, respectively, and the dissolution medium was delivered at a flow rate of 8.2 ml min-1 at 37 690 

oC while imaging was performed at 255 nm and 520 nm. The total imaging area was 20 × 28 mm2. 691 
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