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Abstract 23 

There is great potential to improve drug delivery through the use of in-situ gelling delivery 24 

systems. Here we demonstrate a technique capable of measuring changes in rheology (gelation 25 

and/or dissolution) of in-situ gelling delivery systems on contact with physiological fluid, while 26 

simultaneously analysing drug release.  An ocular in-situ gelling formulation (gellan and 27 

timolol maleate) and an in-situ gelling oral liquid (alginate and metronidazole) were used as 28 

exemplar formulations. The method allowed profiling of increasing gellan concentration 29 

resulting in a reduction of timolol maleate released into simulated lacrimal fluid. When alginate 30 

was used as an in-situ gelling oral formulation there was a rapid increase in Gʹ on contact with 31 

simulated gastric fluid. When this was changed to simulated intestinal fluid, drug release rate 32 

increased rapidly, coinciding with alginate gel dissolution. This work highlights the potential 33 

of this technology as a tool in development and optimisation of these increasingly popular 34 

delivery systems.  35 

 36 

Keywords: Rheology; drug delivery; in situ; hydrogel; rheo-dissolution 37 

1. Introduction 38 

Physiologically responsive polymers are useful materials for the design of innovative drug 39 

delivery systems, in particular, polymers that undergo sol-gel transitions in the presence of 40 

physiological fluids have been incorporated into pharmaceutical formulations acting as 41 

functional excipients to control release or to increase retention time at the site of drug uptake. 42 

Release from such systems is generally governed by drug diffusion through the polymeric 43 

material and by erosion/dissolution of the gel. The rate of drug release therefore, is strongly 44 

related to the mechanical properties that include gelation kinetics, gel strength and gel 45 

dissolution (Mahdi, Conway, & Smith, 2014). In situ sol-gel transitions can take place as a 46 
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result of changes in temperature as occurs with polymers such as methylcellulose (Bain, 47 

Bhowmik, Ghosh, & Chattopadhyay, 2009), poloxamer (Amiji, Lai, Shenoy, & Rao, 2002; 48 

Edsman, Carlfors, & Petersson, 1998) or PLGA (He, Kim, & Lee, 2008) by changes in pH 49 

and/or presence of electrolytes Carbopol® (Srividya, Cardoza, & Amin, 2001), gellan gum 50 

(Diryak et al., 2018; Rajinikanth & Mishra, 2008), alginate (Miyazaki, Kubo, & Attwood, 51 

2000), pectin (Kubo, Konno, Miyazaki, & Attwood, 2004), and carrageenan (Endo, Watanabe, 52 

Matsumoto, & Shirotake, 2000). During development, thermal transitions can be accurately 53 

measured using a temperature-controlled rheometer. However, when the sol-gel transitions are 54 

the result of a change in pH or ionic strength/species, measurements of sol-gel transitions are 55 

considerably more challenging. Indeed, sol-gel transitions triggered by pH or crosslinking ions 56 

tend to be rapid processes. This is best illustrated with sodium alginate which undergoes almost 57 

instantaneous gelation reaction on exposure to divalent cations. Furthermore, sodium alginate 58 

undergoes a similarly rapid transition in acidic media such as gastric fluid, forming an alginic 59 

acid gel. Recently in our laboratories we have demonstrated the experimental monitoring of 60 

the external gelation of alginate by modifying a commercially available rheometer (Mahdi, 61 

Diryak, Kontogiorgos, Morris, & Smith, 2016) and have since adapted this modification as an 62 

experimental simulation of gelation on contact with various physiological fluids (Diryak et al., 63 

2018).  64 

Many modifications have been applied to rheometers recently that have been developed from 65 

a fundamental characterisation perspective or to simulate an application/industrial process, 66 

further extending their usefulness. These adaptations include appending spectroscopic 67 

techniques to rheological equipment such as NMR (Callaghan & Gil, 2000) , rheo-SAXS 68 

(Somani et al., 2002) , Rheo-FTIR (Boulet-Audet, Byrne, & Kazarian, 2014), Rheo-Raman 69 

(Chevrel et al., 2012). From a more application focused perspective, rheometer adaptations 70 

include a light curing lower plate (Lee, Cole, Palmiter, & Koh, 2000), electro-rheology 71 
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accessories (Stanway, Sproston, & El-Wahed, 1996), and relative humidity accessories. These 72 

adaptations have been successful for informing the design of materials for specialized 73 

applications.  74 

Despite the widespread use of in situ gelling materials as drug delivery systems, methods to 75 

enable mechanical testing during gelation and dissolution of polymer gels while 76 

simultaneously measuring the release of active molecules in situ have yet to be developed, 77 

therefore the mechanisms controlling release from such systems are poorly understood. To 78 

overcome these problems, we have developed a rheo-dissolution cell that can be attached to 79 

the lower plate of a commercially available rheometer and enables the examination of dynamic 80 

changes in rheological behaviour and drug release simultaneously. We have demonstrated the 81 

power of this technique using an ocular in situ gelling formulation (gellan gum and timolol 82 

maleate) and an in situ gelling oral liquid (sodium alginate and metronidazole). These gelling 83 

materials were chosen as they are both routinely used as in situ gelling agents in commercially 84 

available pharmaceutical formulations and are delivered to different physiological target sites.  85 

 86 

2. Materials and Methods 87 

2.1 Materials 88 

Low acyl gellan gum (Gelrite®) and sodium alginate was purchased from Sigma-Aldrich 89 

(Poole, UK) and had a M:G ratio of 0.39:0.61 and molecular weight of 120,000-190,000 g/mol. 90 

Metronidazole, hydrochloric acid (37.5%), sodium hydroxide, calcium chloride and sodium 91 

chloride were purchased from Sigma-Aldrich (Poole, UK). Sodium bicarbonate was purchased 92 

from Fisher Scientific (Loughborough, UK). Timolol maleate was purchased from Tokyo 93 

Chemical Industry (Oxford, UK). All chemicals were used without further purification.  94 
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 95 

2.1.1 Rheo- dissolution cell 96 

The computer-aided design (CAD) of the rheo-dissolution cell was developed using 97 

Solidworks® (version 25, 2017) and constructed from acrylonitrile butadiene styrene using a 98 

Makerbot Replicator™ 2 3D printer (New York, USA). The cell was designed as a circular 99 

reservoir with an opening on the top that was covered with a stainless steel mesh during the 100 

experiments. The cell was designed with inlet and outlet ports for loading and sampling from 101 

the reservoir. The inlet was used to load solutions or buffers in to the reservoir and the outlet 102 

allowed withdrawal of samples for analysis.  The cell was attached to the lower plate of a 103 

commercially available rheometer thus enabling examination of the rheological behaviour of 104 

the formulation and drug release simultaneously (fig. 1). The reservoir of the rheo-dissolution 105 

cell was designed to be capable of holding a volume of 55 ml. The mesh (80 mesh count) which 106 

was placed on the top of the reservoir (where test samples are loaded) can be removed, and 107 

interchanged with different mesh sizes. If required, (particularly with very low viscosity 108 

samples) a semipermeable membrane can be placed on the surface of the mesh to prevent the 109 

sample flowing into the reservoir. 110 
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 111 

Figure 1: (A) Dimensions of rheo-dissolution cell (B) CAD model (C) Stl file model and 112 

(D) 3D printed rheo-dissolution cell showing removable mesh. 113 

 114 

2.2 Preparation of in situ gel forming ophthalmic formulations 115 

To demonstrate the concept of this method with an in situ gelling ocular formulation, a gel 116 

forming eye drop solution based on a formulation that is currently marketed (Timoptol LA® 117 

0.5%) was prepared. Different concentrations of low acyl gellan gum (0.3%, 0.4%, 0.6%, and 118 

0.8%) were used as the gel former with 6.8 mg/ml timolol maleate (TM) used as the active. 119 

TM (6.8 mg/ml) was dissolved in deionized water at room temperature and then heated to 85 120 

°C, low acyl gellan gum was then added while stirring until fully dissolved. The solutions were 121 

allowed to cool quiescently to room temperature prior to further analysis. The pH of the 122 

formulation was 4.5. 123 

2.3 Preparation of in situ gel forming oral solutions 124 
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An in situ gelling oral formulation was designed containing metronidazole (MNZ, 200 mg/5 125 

ml) and contained 2% w/v sodium alginate as the gel former. Sodium alginate (2%) was 126 

dissolved in deionized water at room temperature and stirred until it was fully dissolved. MNZ 127 

(200 mg/5 ml) was then added to the alginate solution and stirred until a uniform dispersion 128 

was formed. There was no notable difference in the rheological properties of the alginate when 129 

MNZ was added indicating that there was no interaction between the drug and the polymer. 130 

The prepared suspension was then stored at room temperature for 2 h prior to further analysis. 131 

2.4 Preparation of simulated fluids  132 

Simulated lacrimal fluid (pH 7.5) was prepared according to the formulation reported by 133 

Marques et al.  (2011). This formulation has previously been used to evaluate in vitro release 134 

of pilocarpine from hydrogels (Anumolu, Singh, Gao, Stein, & Sinko*, 2009) and nanoparticles 135 

(Lin, Yu, Lin, & Wang, 2010). In vitro release of indomethacin from a sodium alginate gel has 136 

also been reported where the release medium used was simulated lacrimal fluid formulated 137 

with the same recipe (Pandit et al., 2007). 0.1M HCl, pH 1.2 was used as simulated gastric 138 

fluid. This was prepared without pepsin as this enzyme does not have any effect on 139 

polysaccharides. 140 

2.5 Comparison of rheological measurements using a standard parallel plate geometry 141 

and the rheo-dissolution cell  142 

Rheological measurements of in situ gelling ophthalmic and oral formulations were performed 143 

using a Kinexus rheometer (Malvern Panalytical, UK). Measurements of elastic modulus (Gʹ) 144 

and viscous modulus (Gʺ) were taken as a function of time using a 40 mm serrated parallel 145 

plate geometry with a fixed gap of 0.8 mm. Freshly prepared sample solutions were loaded 146 

onto the rheometer at room temperature and measurements were performed (within the linear 147 
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viscoelastic region) using 0.5% strain and a frequency of 1 rads-1. Silicone oil was added to the 148 

periphery of the samples to prevent evaporation during the measurements. 149 

Rheological measurements were also performed using the rheo-dissolution cell as a lower plate 150 

to compare the performance of the system with that of the standard geometry. The rheo-151 

dissolution cell was attached to the Kinexus rotational rheometer as a lower plate. A stainless 152 

steel woven wire mesh (mesh count 80) was placed on top of the reservoir and attached securely 153 

to the surface of the cell. A 40 mm serrated parallel plate geometry was attached to the 154 

rheometer and the gap was fixed at 0.8 mm. The samples were loaded on to the mesh and the 155 

volume of the sample was determined by the set gap. Oscillatory measurements of Gʹ and Gʺ 156 

were measured as a function of time using the same parameters (0.5% strain, 1 rads-1 angular 157 

frequency) as used with the standard parallel plate geometry. When measuring the rheological 158 

changes of the in situ gelling oral formulation, a dialysis membrane (14000 mwco) which had 159 

been soaked in deionised water, was placed on the surface of the mesh before loading sample. 160 

A solvent trap was also used to avoid evaporation of the samples during measurements.  161 

2.6 Rheo-dissolution measurements for in situ gel forming ophthalmic formulation 162 

Rheo-dissolution measurements were conducted using Kinexus rotational rheometer with the 163 

rheo-dissolution cell replacing the lower plate of the rheometer. A circulating peristaltic pump 164 

maintained the flow of simulated lacrimal fluid in the reservoir to maintain sink conditions, to 165 

provide a source of ions and to facilitate sampling. Two pieces of silicone tubing was securely 166 

attached to the inlet and outlet of the rheo-dissolution cell and then connected to a pump. A 3-167 

way sampling port was attached to the tube for collecting and replacing samples (fig. 2A). The 168 

circulatory system consisted of 2 pieces of tubing (45 ml) and the cylindrical reservoir (55 ml); 169 

which altogether was capable of holding 100 ml volume. A stainless steel woven wire mesh 170 

(mesh count 80) was placed on top of the reservoir (fig. 2B) and was secured with adhesive to 171 
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prevent disturbance of the cell during the experiment. The aperture of the mesh was 180 µm 172 

which was sufficient to prevent the sample passing through the mesh. Receiver fluid, in this 173 

case lacrimal fluid (90 ml), was added and once the circulatory system had settled, a 40 mm 174 

serrated parallel plate geometry was attached to the rheometer (0.8 mm gap) and the test was 175 

started immediately using the parameters described in section 2.5. Measurements of storage 176 

modulus (Gʹ) and loss modulus (Gʹʹ) were recorded as a function of time at room temperature 177 

(fig. 2C). Immediately after the test had commenced, 10 ml of simulated lacrimal fluid was 178 

injected through the sampling port; this volume was sufficient to enable contact with the 179 

formulation, initiating the gelling process. As the inner diameter of the reservoir was 60 mm 180 

and the geometry was 40 mm, a solvent trap was used to prevent evaporation of the fluid.  181 

 182 

Figure 2: (A) Schematic diagram of the experimental set up of rheo-dissolution cell (B) 183 

rheo-dissolution cell attached to the lower plate of rheometer prior to loading sample and 184 

(C) rheo-dissolution experiments in process 185 

Samples (0.5 ml) of the simulated lacrimal fluid in the reservoir were collected via the sampling 186 

port at regular time intervals (2, 4, 6, 8, 10, 30, 60, 90, 120, 150, 180 min) and were replaced 187 
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with same volume of fresh simulated lacrimal fluid. The volume of simulated lacrimal fluid 188 

was maintained 100 ml throughout the system, so that the fluid remained in contact with the 189 

sample. Collected samples were then analysed for the drug released from the gels. All 190 

experiments were performed in triplicate. To validate the method against conventional 191 

dissolution testing, release studies were also preformed using a dissolution bath containing 100 192 

ml inserts and applying the same sampling regime as used in the rheo-dissolution tests. 193 

2.6.1 Analysis of TM 194 

Reverse-phase high performance liquid chromatography of TM was performed following the 195 

method of Nasir et al. (2011). Briefly, a C18 HPLC column (Phenomenex, Macclesfield, UK) 196 

was used to analyse TM released from the in situ gel forming ophthalmic formulation, the 197 

mobile phase was comprised of methanol:0.2% triethylamine (60:40, v/v), pH 2.75, adjusted 198 

with 85% phosphoric acid. The flow rate was 1 ml/min with a run time of 5 min. TM was 199 

detected with a UV detector (Cary 60, Agilent Technology, Cheadle, UK) at a wavelength of 200 

295 nm at a 3 min retention time. The linearity of the proposed method was determined from 201 

the calibration curve constructed at five concentration levels by plotting peak areas against 202 

their respective concentrations.  203 

2.7 Rheo-dissolution measurements for in situ gel forming oral formulation  204 

Rheo-dissolution experiments were also performed on an alginate-MNZ formulation to 205 

monitor drug release during dissolution of the alginate gel that occurs at varying pH (acidic 206 

and alkaline). The tests were performed using the experimental set up described in section 2.5 207 

adapted by the addition of a dialysis membrane (14000 mwco) on the surface of the mesh which 208 

had been soaked in deionised water. This adaptation was applied to facilitate measurements of 209 

the pre-gelation state due to the extremely rapid gelation kinetics of alginate. The addition of 210 

the dialysis membrane ensured that the alginate did not flow through the mesh pores prior to 211 
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the commencement of the rheological measurements and allowed greater control of 212 

measurements of the alginate in the pre gelled state. The flow through system contained 90 ml 213 

of simulated gastric fluid at the beginning of the test and the liquid level was below the mesh 214 

not in contact with the sample. The pH of simulated gastric fluid was 1.2. The gap was fixed 215 

at 0.8 mm and after zeroing the geometry. Required volume of alginate-MNZ in situ gelling 216 

formulation was placed on the top of the dialysis membrane. Oscillatory measurements of Gʹ 217 

and Gʹʹ were performed as a function of time (0.5% strain, 1 rads-1 frequency). The sample was 218 

measured in the pre-gelled state for 10 min before inducing gelation (which enabled the capture 219 

of the whole gelation event) by the addition of 10 ml of simulated gastric fluid (pH 1.2) to the 220 

90 ml present in the reservoir. This was introduced through the sampling port and allowed the 221 

formulation to come in contact with the simulated gastric fluid. The experiment was continued 222 

for 7 hours and samples of the simulated gastric fluid (0.5ml) were withdrawn at 4, 8, 12, 16, 223 

20, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360, 390 and 420 min. The simulated 224 

gastric fluid sample was replaced with the same volume of fresh fluid at each time point via 225 

the sampling port. The pKa values of guluronic acid and mannuronic acid residues of the 226 

alginate are 3.65 and 3.38 respectively. So when the pH value is below the pKa of the uronic 227 

acid, the negative charge is removed, resulting in gel formation stabilized by intermolecular 228 

hydrogen bonding. Therefore, the alginate gels are stable in acidic environment in stomach but 229 

broken down in alkaline environment of intestine as the acidic groups become charged causing 230 

electrostatic repulsion between the polymer chains.(Francis et al., 2013; Pawar & Edgar, 2012; 231 

Rasel & Hasan, 2012). 232 

Therefore, a further rheo-dissolution experiment was also performed on the alginate-MNZ 233 

formulation to monitor drug release during dissolution of the alginate gel that occurs at alkaline 234 

pH. The rheo-dissolution experiment as previously described was allowed to proceed for 120 235 

min at pH 1.2. At 120 min, 9ml of the media was then replaced with same volume of 1M NaOH 236 
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to increase the pH of gastric media to pH 8, to observe release behaviour of MNZ while the gel 237 

was dissolving. The rheo-dissolution study was continued until the in situ gel was broken down 238 

and identified by a reduction in modulus. The samples were withdrawn every 30 min and 239 

replaced with fresh medium (pH 8).   240 

All collected samples were then analysed using UV spectrophotometry (Agilent technology, 241 

Cary 60) at a wavelength of 277 nm. The percentage of metronidazole released from the in situ 242 

gel was determined from linear regression equation obtained from the UV standard calibration 243 

curve. All experiments were done in triplicate. 244 

MZN release data obtained during the rheo-dissolution experiments were curve fitted to the 245 

zero order model using equation 1. 246 

                        𝑄 = 𝑄𝑜 +  𝐾0 𝑡                                     (Eq.1) 247 

where Q is the amount of drug released at time t, Qo is the initial amount of drug and K0 is the 248 

zero order release constant. 249 

2.7.1 Solubility profile of MNZ 250 

Solubility of MNZ was determined at room temperature (22 ± 1°C). Excess amounts of MNZ 251 

were added to 0.1M HCl at pH 1.2 and pH 8 (adjusted by addition of 1M NaOH) to prepare 252 

saturated solutions. The solutions were stirred overnight to attain equilibrium. The solutions 253 

were then filtered and diluted as necessary to analyse the MNZ content spectrophotometrically 254 

at 277 nm. The experiments were performed in triplicate. 255 

3. Results and Discussion 256 

3.1 Comparison of rheological measurements with standard geometry and the rheo-257 

dissolution cell  258 
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Measurements of viscoelastic properties against time were performed for in situ gelling 259 

ophthalmic and oral formulation using Kinexus rheometer fitted serrated parallel plate 260 

geometry. Measurements were also performed replacing the lower serrated plate with the rheo-261 

dissolution cell covered with a stainless steel mesh. In the case of the ophthalmic formulation, 262 

the Gʹ value was 0.57 Pa at the end of the test performed with a conventional lower plate (fig. 263 

3A) which was comparable with the Gʹ value (0.68 Pa) when performed with rheo-dissolution 264 

cell (fig. 3B). 265 

 266 

Figure 3: Viscoelastic measurements of Gʹ and Gʺ (Pa) over time of: in situ gelling 267 

ophthalmic formulation of gellan-TM performed with (A) conventional lower plate (B) 268 

rheo-dissolution cell and in situ gelling oral formulation of alginate-MNZ performed with 269 

(C) conventional lower plate (D) rheo-dissolution cell  270 

Similarly, viscoelastic measurements were performed for the in situ gelling oral formulation of 271 

alginate-MNZ. It was clear from the measurements that the moduli were almost identical in 272 

both experimental settings (fig. 3C and 3D). 273 

3.2 Rheo-dissolution measurements of in situ gel forming ophthalmic formulation 274 
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The simultaneous measurements of rheological changes and drug release were performed for 275 

4 different concentrations of gellan gum to investigate the impact of increasing gel strength on 276 

gelling behaviour and ensuing drug release. The formulation containing 0.3% w/v gellan 277 

showed a rapid increase in modulus over first 30 min of exposure to the simulated lacrimal 278 

fluid as gelation occurred, with Gʹ reaching ~ 300 Pa and Gʹʹ ~50 Pa once fully gelled. Both 279 

moduli then plateaued for the remainder of the test (fig. 4A).  The release of TM showed initial 280 

burst release with 23 % released in the first 10 min of the test as the gellan gel was undergoing 281 

its structuring process. Following this period, once the gel was fully formed, release slowed 282 

with the total release at 3h only 48%. As the concentration of gellan was increased, gelation 283 

occurred more rapidly and the final gel strength also increased Gʹ (1248 Pa) and Gʹʹ (134 Pa) 284 

for 0.4% gellan gum (fig. 4B), Gʹ 2275 Pa and Gʹʹ 346 Pa for 0.6% gellan (fig. 4C). The initial 285 

burst release of TM that was apparent in the 0.3% gellan formulation gradually disappeared 286 

with increasing concentration and had a significant effect reducing the overall release after 3h 287 

with 0.6% gellan releasing ~36% of the drug. When the concentration was increased further to 288 

0.8% gellan, the rheo-dissolution indicated that a strong gel had already formed at the onset of 289 

the test with Gʹ>>Gʹʹthroughout the duration of the experiment (fig. 4D). This resulted in a 290 

release only~24% TM after 3h. At the end of the test, all gels could be removed as a solid gel 291 

in a single piece. It is important to note however, that the gel strength may not be the critical 292 

factor that controls the release of the TM from a gellan gum based formulation as there is 293 

potential electrostatic interaction that could occur between the amino group of the TM and the 294 

carboxylate groups of the gellan gum. The amino group in the TM has a pKa 9.21 therefore 295 

would be in the ionized form in the formulation, which is likely interact with the negative 296 

charge of the gellan preventing complete release. Indeed, incomplete release of cationic drugs 297 

from negatively charged polysaccharides (Bonferoni et al., 2004; Rupenthal, Green, & Alany, 298 

2011) and phospholipids  (Lindell, Engblom, Engstrom, Jonströmer, & Carlsson, 1998) have 299 
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been previously reported to be due to electrostatic interactions between the anionic carrier and 300 

the drug. Furthermore, the initial work on gellan as an ophthalmic vehicle for the sustained 301 

release of TM also reported incomplete release following 6 h submerged 650 ml of simulated 302 

lacrimal fluid (Rozier, Mazuel, Grove, & Plazonnet, 1989). A similar study in our laboratory 303 

also showed incomplete release and was comparable with data obtained using the rheo-304 

dissolution cell (fig. S1).  It is however, interesting to witness in real time, that release of TM 305 

occurs more rapidly in samples where the gel strength is weak (first 10 min of exposure to 306 

simulated lacrimal fluid), clearly evident in the 0.3% and 0.4% gellan formulation (fig. 4A and 307 

B). This behaviour is dramatically reduced in the 0.6% (fig. 4C) and disappears completely in 308 

the 0.8% gellan formulations where Gʹ>>Gʺ throughout the experiment (fig. 4D). Moreover, 309 

when plotting release at 180 min vs gellan concentration (from 0.3% to 0.8%) there was a liner 310 

reduction in timolol release as the concentration was increased (fig. 5).    311 

 312 

Figure 4: Rheo-dissolution experiments of in situ gel forming ophthalmic formulation 313 

containing 6.8mg/ml TM and (A) 0.3% (B) 0.4% (C) 0.6% (D) 0.8% low acyl gellan gum 314 
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These large changes in drug release with only relatively small changes in polymer 315 

concentration could ultimately impact the performance of in situ gelling formulations.  316 

 317 

Figure 5: Release of timolol maleate at 180 min with increasing gellan concentration. 318 

Therefore, the development of this in vitro technique which provides real-time correlation 319 

between the rheological behaviour and drug release is important, as the molecular interplay 320 

between the polymer molecules during gelation and the impact that has on drug release and 321 

subsequent bioavailability, is poorly understood especially in ophthalmic formulations. The 322 

technique however could have uses at other physiological target sites. To demonstrate this a 323 

similar approach was investigated for an in situ gelling oral liquid. 324 

3.3 Rheo-dissolution measurements for in situ gel forming oral formulation 325 

The rapid gelation of sodium alginate on exposure to acid is a well-known and attractive 326 

property that has been utilised in oral liquid formulations to increase gastric retention time or 327 

to control the release of drugs in the gastrointestinal tract. Here, we formulated a MNZ (200 328 

mg/5ml) oral liquid using 2% w/w alginate as an in situ gelling agent to examine the suitability 329 

of the rheo-dissolution for oral liquids that are rheologically responsive to changes in pH. At 330 

the start of the test, prior to exposing the sample to acidic media, rheological measurements 331 

were taken to ascertain the behaviour that would be apparent prior to administration.  Gʹ and 332 
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Gʹʹ at this stage were very low (~0.6 Pa), indicative of an entangled polymer solution. When 333 

the formulation was exposed to 0.1M HCl (pH 1.2), by injecting the simulated gastric fluid into 334 

the rheo-dissolution system, there was an almost instantaneous increase in Gʹ of almost 3 orders 335 

of magnitude, similar to that what was previously reported by Diryak et al. (2018) (Diryak et 336 

al., 2018) and is in line with expected behaviour (fig. 6A).  337 

Following this initial rapid gelation both moduli continued to increase steadily as the alginate 338 

continued to develop its structure until the end of the test at 7 h where the value of Gʹ was 1286 339 

Pa and Gʹʹ 210 Pa. During the first 30 min of the test, release of MNZ was 12%, this occurred 340 

while the rheological measurements were at low moduli values and during the gelation process.  341 

Once the alginate had formed a strong gel however, only 50% MNZ was released in the 342 

following 3.5 h (50% at 210 min) and plateaued until the end of the test (53% in 420 min) with 343 

the gel remaining physically stable. To demonstrate the feasibility of changing dissolution 344 

media during the course of an experiment, and to analyse changes in release behaviour as the 345 

sol-gel reaction is reversed, the pH of the media in the rheo-dissolution cell was raised to pH 8 346 

following 120 min at pH 1.2 by replacing 9 ml of the simulated gastric fluid with 1M NaOH 347 

(fig. 6B). Over the first 2 h when exposed to the simulated gastric fluid release of MNZ 348 

followed the same release behaviour as was observed in fig. 6A with ~34% released at 120 349 

min. On changing the dissolution media to pH 8, however, MNZ continued to be released at 350 

the same rate (fig. 6C). This coincided with a rapid reduction in the gel strength as the gel 351 

began to dissolve observed by a fall in modulus at 190 min at pH 8, where Gʹ value reduced 352 

from ~801 Pa at 190 min in acid to ~30 Pa at 370 min indicating that alginate gel had broken 353 

down at which point the rheological measurements were stopped. The MNZ release curve 354 

continued to show a zero order release with a total of 96% released over the duration of the test 355 

(fig. 6B). Indeed, zero order kinetic modelling of the drug release data (fig. S2) revealed 356 

negligible variations of release constant K0 across the entire profile in the sample where the 357 
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media was changed to pH 8 (Table 1). Whereas the sample that was maintained at pH 1.2 fitted 358 

well to the zero order model first 120 min (R2 = 0.98) then deviated sharply from the zero order 359 

model over the remainder of the release curve (R2 = 0.77).  360 

 361 

Figure 6: Rheo-dissolution experiment of in situ gel forming oral formulation containing 362 

MNZ (200mg/5ml) and 0.2 % sodium alginate at (A) pH 1.2 (B) pH 1.2 and pH 8 (C) 363 

comparison of release and elastic modulus following 120 min at pH 1.2 when either 364 

maintaining the pH at 1.2 or adjusting to pH 8 and (D) The effect of pH 1.2 and 8.0 on 365 

solubility of MNZ (n=3) 366 

To ensure this continuous release of MNZ at pH 8.0 was a result of degradation of the gel and 367 

not a solubility effect, solubility tests of MNZ at pH 1.2 and pH 8.0 were performed. MNZ is 368 

weak base (pKa 2.62) and it is highly soluble in at pH ≤ 2.0. The highest solubility of MNZ 369 

was observed at pH 1.2 (65 mg/ml) which is comparable to previously reported values (Wu & 370 

Fassihi, 2005) At pH 8 solubility was reduced to 16 mg/ml (fig. 6D) indicating that the release 371 

witnessed at pH 8 was not a result of increased solubility of MNZ and more likely a result of 372 

the dissolution of the alginate gel. 373 
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 374 

Table 1 Summary of zero order drug release kinetic parameters 375 

 376 

The apparent time lag from changing the media to the observed reduction in Gʹ (fig. 6C) can 377 

be explained by the time required for diffusion of the release media into the gelled sample. 378 

Moreover, the lower surface of the sample, in contact with the media, will begin to dissolve 379 

first as the media diffuses causing the gel to become anisotropic (stiffer at the upper surface 380 

and more fluid at the lower surface) allowing the continued drug release from the gel at the 381 

surface in contact with the release media. The diffusion of the media into the gel progresses 382 

until ultimately causing a reduction in Gʹ. It intuitive to assume however, that this effect would 383 

have greater significance on thicker gel samples. 384 

It is clear from the data that the rheo-dissolution cell attached to the lower plate of a rheometer 385 

has the potential to measure the real time gelation on exposure to a cross linking medium and 386 

simultaneously allow measurements of drug release from the formulation. This has the major 387 

advantage of being a single experiment rather than performing separate release experiments 388 

and rheological tests, thus, providing both of these important sets of data from the same sample, 389 

which is not possible using conventional apparatus. Moreover, this new platform has the ability 390 

to analyse the rheology and drug release in different environmental pH that can be changed in 391 

process. It is believed that this system could also be developed further, and become semi-392 

Media Maintained 

at pH 1.2 
K0 R2 

Media changed to 

pH 8 
K0 R2 

Full release profile 0.169 0.79 Full release profile 0.261 0.98 

0-120 min (pH 1.2) 0.295 0.98 0-120 min (pH 1.2) 0.273 0.98 

120-420 min (pH 8) 0.165 0.77 120-420 min (pH 8) 0.260 0.92 
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automated by connection to a UV spectrophotometer, similar to commercially available semi-393 

automated dissolution testing apparatus.   394 

4. Conclusion and future perspectives 395 

Here we have demonstrated a novel method to simultaneously measure rapidly changing 396 

rheological behaviour and drug release from polymeric drug delivery systems. We believe this 397 

apparatus can be utilized in designing more efficient in situ gelling formulations earlier in the 398 

development process and can be modified to target different physiological sites. Furthermore, 399 

this technique has the potential to be translated beyond pharmaceutical applications and could 400 

be utilised in any system where polymers gel in the presence of metal ions, small molecule 401 

crosslinkers or by changes in pH and release an entrapped compound. Moreover, the flow 402 

through system provides the option to change the media while rheological measurements are 403 

in process and therefore could be used to track and correlate changes in physical behaviour 404 

with changing chemical environments, helping to understand how this can impact release of 405 

entrapped molecules. The wider application of this system therefore, is the ability to test any 406 

polymer for many different industrial applications where there may be a need for rapid or slow 407 

gelation while monitoring entities that are released, with the advantage of performing these 408 

experiments on the same sample in real time. 409 

 410 
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