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Abstract 1 

The nasal mucosa provides a potentially good route for local and systemic drug delivery. 2 

However, the protective feature of the nasal cavity make intranasal delivery challenging. The 3 

application of mucoadhesive polymers in nasal drug delivery systems enhances the retention of 4 

the dosage form in the nasal cavity. Several groups have investigated using low acyl gellan as a 5 

drug delivery vehicle but only limited research however, has been performed on high acyl gellan 6 

for this purpose, despite its properties being more conducive to mucoadhesion. High acyl gellan 7 

produces highly elastic gels below 60 °C which make it difficult to spray using a mechanical 8 

spray device. Therefore, in this study we have tried to address this problem by making fluid gels 9 

by introducing a shear force during gelation of the gellan polymer. These fluid gel systems 10 

contain gelled micro-particles suspended in a solution of un-gelled polymer. These systems can 11 

therefore behave as pourable viscoelastic fluids. In this study we have investigated the 12 

rheological behavior and mucoadhesion of fluid gels of two different types of gellan (high and 13 

low acyl) and fluid gels prepared from blends of high and low acyl gellan at a 50:50 ratio. The 14 

results demonstrated that by preparing fluid gels of high acyl gellan, the rheological properties 15 

were sufficient to spray through a standard nasal spray device. Moreover fluid gels also 16 

significantly enhance both high acyl and low acyl gellan mucoadhesion properties.  17 

18 



1.0 Introduction 19 

Liquid nasal sprays are useful dosage forms for local and systemic delivery, but often suffer 20 

from poor retention, dripping out of the nose or down the back of the throat, which leads to 21 

reduced bioavailability (Jansson et al., 2005). Many ways have been introduced to address this 22 

problem; one such way is by formulating nasal sprays that contain polymers which are 23 

mucoadhesive. These polymers possess suitable rheological properties that enable them to flow 24 

during administration and then to adhere to mucosal tissue, consequently increasing the 25 

residence time and improving bioavailability. A complete understanding of the mucoadhesion 26 

mechanism is not fully understood. It is generally accepted however, that inter-diffusion and 27 

interpenetration take place between the chains of the mucoadhesive polymer and mucus gel 28 

network, which creates sufficient contact for entanglement. Secondary chemical bonds are then 29 

formed between the polymer chains and mucin molecules (Hägerstrom et al., 2003). Several 30 

polysaccharides have been widely investigated as mucoadhesive polymers due to their intrinsic 31 

physicochemical properties that facilitate mucoadhesion such as hydrophilicity, numerous 32 

hydrogen bonding functional groups and viscoelastic properties when hydrated. Gellan gum is a 33 

bacterial exo-polysaccharide produced by the bacteria Sphingomonas elodea (Sworn et al., 1995; 34 

Gibson and Sanderson, 1990) and  is a linear tetrasaccharide repeat unit consisting of  → 4)-l-35 

rhamnopyranosyl-(α-1 → 3)-d-glucopyranosyl-(β-1 → 4)-d-glucuronopyranosyl-(β-1 → 4)-d-36 

glucopyranosyl-(β-1 →  (Morris et al., 2012).  Gellan gum is a promising polymer for use in 37 

nasal formulations because of its ability to form a gel in situ on exposure to physiological 38 

concentrations of cations (Mahdi et al., 2014). Typically, ion concentrations required to gel 39 

gellan are in the region of 100 mM for monovalent cations and 5 mM for divalent cation 40 



however the strength of the gels produced depend on the concentration of gellan (Morris et al 41 

2012). The native polymer is high acyl gellan (HA) which contains O-5-acetyl and O-2-glyceryl 42 

groups on the (1→3)-linked glucose residue (Figure 1A). When exposed to alkaline media at 43 

high temperatures, both acyl groups are hydrolyzed and the deacylated form, low acyl gellan 44 

(LA), is obtained (Figure 1B) (Mao et al., 2000).   The resulting texture of  HA and LA gellan 45 

gum gels are very different, and can be considered to be at the opposite ends of the textural 46 

spectrum for hydrogels, with LA gellan forming hard but brittle gels and HA gellan forming soft, 47 

elastic gels. By varying the ratio of HA:LA gellan gum, a diverse range of textures can be 48 

obtained. The properties of blends of HA and LA  gellan  are intermediate between that of high 49 

and low acyl gellan and it is possible to obtain textures close to those of other hydrocolloids such 50 

as xanthan gum, locust bean gum and alginate (Sworn, 2009). 51 

Bacon et al., (2000), investigated using LA gellan gum for an in situ intranasal formulation to 52 

deliver influenza vaccine.  Jansson et al., (2005) reported that LA gellan can enhance epithelial 53 

uptake of high molecular weight fluorescein dextran. In addition, in vivo studies confirmed 54 

gellan gum to be nonirritant and not toxic to the epithelial tissue even for a prolonged period of 55 

time (Cao et al., 2009; Mahajan and Gattani, 2009) and these gellan formulations retained stable 56 

over 6 months (Cao et al 2009; Belgamwar et al., 2009). Recently researchers have looked to 57 

develop such dosage forms using micro-particle and liquid nasal formulations (Cao et al., 2009; 58 

Mahajan and Gattani, 2009). Although these systems have shown some promise as vehicles for 59 

nasal delivery, there are issues such as erosion and rapid clearance by microvilli. These issues 60 

could potentially overcome by using fluid gels. 61 

Fluid gels can be formed by applying shear force to a biopolymer during a sol-gel transition, 62 

the end product is gelled particles suspended in un-gelled polymer solution. These fluid gels can 63 



be formulated so the bulk material acts as a pourable viscoelastic fluid whilst retaining a cross-64 

linked gel microstructure within the particles. The physical properties of fluid gels can be tuned 65 

by simply changing the concentration of the polymer or by the rate of cooling and/or shear rate 66 

during fluid gel formation (Gabriele et al 2009; Fernández Farrés et al., 2014; Mahdi et al., 67 

2014).  68 

In this study we have investigated the rheological behavior and mucoadhesion of fluid gels of 69 

two different types of both LA gellan and HA gellan and fluid gels prepared from blends of LA 70 

gellan and HA gellan at a 50:50 ratio. Gellan gum fluid gels of HA, LA and HA/LA blends 71 

loaded with a model drug (caffeine) were investigated as a mucoadhesive nasal spray 72 

formulation and compared with in situ gelling gellan solutions. The rheological properties and in 73 

vitro measurements of retention time on mucosal tissue were investigated. 74 

2.0 Materials and Methods 75 

2.1. Materials 76 

High acyl gellan gum (Kelcogel
TM

) was kindly donated by CP Kelco (USA). Low acyl gellan 77 

and caffeine were purchased from Sigma Scientific (UK). Phosphate buffer saline (PBS) was 78 

purchased from Fisher Scientific (UK).  Fresh porcine mucosal tissue was donated from a local 79 

abattoir.  80 

2.2 Preparation of fluid gel formulation  81 

Gellan solutions were prepared by adding precise amounts of high and low acyl gellan gum 82 

to produce a 0.25% w/w final polymer concentration to deionised water at 85°C containing 2 83 

mg/mL caffeine. This was allowed to quiescently cool to room temperature prior to use.  84 



To prepare the fluid gels, sodium chloride (0.1% 0.5% and 1% w/w) was added to the hot 85 

caffeine-loaded gellan solutions, as crosslinking cations (as described above) then loaded on to a 86 

Bohlin Gemini Nano HR rheometer and allowed to cool at 2 °C min
−1

 to 20 °C whilst being 87 

sheared at a shear rate of 500 s
−1 

using a 55 mm cone and plate geometry. Once cooled, the fluid 88 

gels were recovered and stored at room temperature prior to use. 89 

2.3. Rheological measurements 90 

 All rheological measurements were performed using a Bohlin Gemini Nano HR 91 

rheometer (Malvern Instruments, Worcestershire, UK) fitted with a 55 mm cone and plate 92 

geometry. 93 

2.3.1 Viscosity Measurements  94 

Viscosity measurements of all samples made were taken at 20 °C across shear rates ranging 95 

from 1 s
-1

 - 1000 s
-1

.  96 

2.3.2 Yield stress determination 97 

Stress sweep rheological studies were used to determine yield stress of different gel 98 

formulations to predict the stress required to initiate flow. The stress was gradually increased 99 

from 0.1 Pa to 100 Pa at 10 rad s
-1

 angular frequency. All measurements were taken at 20 °C. 100 

2.3.3 Frequency sweep measurement  101 

The rheological behavior of the samples was evaluated in terms of the elastic (storage) 102 

modulus (G') and the viscous (loss) modulus (G'') as a function of angular frequency (0.1–100 103 

rad s
-1

 angular frequency) to produce mechanical spectra of the samples. Measurements were 104 

taken at 20 °C and performed at 1 % strain (strain amplitude chosen was within the linear 105 

viscoelastic region of the sample).  106 



2.4. Microscopy Method 107 

Samples were imaged using an optical microscope (Keyence VHX digital microscope RZ x 108 

250- x1500 real zoom lens, Milton Keynes, UK). Samples were prepared for imaging by 109 

spraying the samples on microscope slide from a nasal spray pump then examined under the 110 

microscope. 111 

2.5. Preparation of mucosal membrane for retention studies 112 

The outer muscle layers of fresh porcine esophageal tissue were removed. The internal tissue 113 

was then cut into 2 x 4 cm longitudinal sections and stored at -20 °C until required. The tissue 114 

was allowed to defrost at room temperature before it was used. The tissue section was not 115 

washed prior to use as this process may have affected the surface properties and hence the 116 

adhesive interaction as described by Batchelor et al., 2002. The tissue section was discarded 117 

however, if residual surface debris was evident.  118 

2.6. Retention time measurements 119 

Drug retention time in simulated nasal conditions (pH 7.4, 34 °C) was studied using a 120 

bespoke mucoadhesion apparatus (Figure 2). A sample of defrosted mucosal tissue (as prepared 121 

in section 2.5) was secured to the apparatus and the caffeine-loaded formulations (100 µl) were 122 

sprayed from a nasal spray device onto the tissue. PBS was then perfused over the mucosal 123 

membrane at a rate of 1 ml/min. The PBS perfusate was collected at time points up to 60 min and 124 

caffeine content was measured using a RP-HPLC with UV detection at 272 nm. Drug retention 125 

on the surface was calculated using equation 1 126 

[ ] [  ]

[ ]
            [1] 127 



Where [C] is the concentration of caffeine sprayed onto the tissue and [CP] is the concentration 128 

of caffeine detected in the PBS perfusate. 129 

2.7. HPLC method 130 

Reverse-phase high performance liquid chromatography analysis of the caffeine was 131 

performed following the method of Maleque and Chowdhury, (2012). Briefly, 100 µl of the 132 

prepared samples were injected on to a C18 L1, pH resistant (4.5 mm x 150 nm: 3.5μm) column. 133 

Isocratic elution of the mobile phase with a composition of methanol/water (40 : 60) (v/v) was 134 

used with a flow rate of 0.5 ml/min and  a run time of 7 min. The caffeine was detected at a 135 

retention time of 5 min using a UV detector at a wavelength of 272 nm.  136 

2.8. Statistical Analysis 137 

Statistical significance (P < 0.05) between test groups was determined by one-way analysis 138 

of variance (ANOVA) and Tukey post-hoc test using Primer of Biostatistics version 4. 139 

3.0 Results  140 

Fluid gels were prepared using a rheometer in order to have control of cooling and shear rate 141 

and the ability to characterize the viscosity during formation of the fluid gels. Figure 3 shows 142 

cooling profile of a 0.25% w/w HA, LA and 50:50 blend of gellan gum over range of ion 143 

concentrations. There was a general trend that showed HA decreased in viscosity with an 144 

increase in ion concentration whereas the viscosity of LA increased with increasing ion 145 

concentration. As shown in Figure 3A, in the absence of added ions, the HA and the blend 146 

showed an increase in viscosity beginning at approximately 65°C  which corresponded with the 147 

onset of ordering of HA, whereas no clear viscosity increase was detected for LA gellan. When 148 

increasing concentrations of NaCl were added (0.1%, 0.5% and 1% w/w), the temperature at the 149 



onset of viscosity increase in HA and the blend shifted to increasingly higher temperatures.  150 

Moreover, the LA gellan also showed an increase in viscosity and temperature of onset when 151 

NaCl was added, which would be expected with increasing NaCl concentration (Fig 3B-D). For 152 

the blend two transitions were evident, one corresponding to the HA ordering and one 153 

corresponding to the LA gelation. The result indicates that the sodium chloride has a potential 154 

effect on the viscosities of the fluid gel; onset of gelation of HA and the 50:50 blend increased 155 

from ~65°C for the gellan solutions without sodium ions to ~78, 85 and 89°C at 0.1%, 0.5% and 156 

1% w/w NaCl respectively. The onset of gelation of LA changed from a slight increase in 157 

viscosity for the LA gellan to a clear sharp transition about ~35°C at 0.1% w/w NaCl. The onset 158 

of gelation of LA increased further with increasing NaCl concentration to ~43°C and 46°C at 159 

0.5% and 1% w/ NaCl respectively. Furthermore, the final viscosity of LA fluid gel increased 160 

from ~0.006 Pas in the absence of NaCl, to ~0.020 Pas at 0.5% w/w NaCl, whereas, the final 161 

viscosity of HA fluid gel decreased from ~0.045 Pas without NaCl to a similar level as the LA at 162 

0.5% w/w NaCl. Interestingly, the final viscosity of blend fluid gel stayed the same at all the salt 163 

concentrations tested. The viscosity profile of a 0.25% w/w HA, LA and blend solutions without 164 

salt and for 0.5% w/w NaCl are shown in figure 4A and were all found to have a shear thinning 165 

viscosity profile. Figure 4B shows the viscosity of the HA, LA and 50:50 blend fluid gel 166 

formulations with 0.5% NaCl and the comparative uncross-linked solutions at 500 s
-1

. The HA 167 

fluid gel sample with 0.5% NaCl exhibited a viscosity profile that was most similar to the 50:50 168 

blend fluid gel and 50:50 without NaCl. For this reason, 0.5% NaCl was used to prepare the fluid 169 

gels in all further experiments. The effect of 0.5% NaCl on the rheological properties of the fluid 170 

gels was further investigated using small deformation rheological measurements. Figure 5 shows 171 

LA and the blended fluid gel produced at 0.25% w/w gellan and 0.5% w/w NaCl generally 172 



exhibit greater G' (~10 Pa compared with un-crosslinked gel ranging from ~0.1 and 1 Pa for LA 173 

and blend respectively). The HA however exhibits almost same profile in both fluid gel and HA 174 

without NaCl having a G′ of ~10 Pa. Furthermore, G′ was slightly greater than G′′ across the 175 

range of frequencies measured which indicates typical ‘weak gel’ rheological behavior. To 176 

evaluate sprayability through the nasal spray device, stress sweep rheological measurements 177 

were performed to determine the yield stress. Figure 6 shows the effect of adding NaCl on yield 178 

stress after formulation of fluid gels of HA, LA and the 50:50 blend (figure 6A) compared with 179 

the yield stress of the gellan solutions without addition of NaCl (figure 6B). The stress required 180 

to yield the fluid gel formulations were 1.07 Pa 1.2 Pa and 5.7 Pa, for the LA, 50:50 blend and 181 

HA respectively, which was significantly less than the corresponding solutions without NaCl 182 

(figure 6B). The distribution of caffeine in the sprayed droplets is shown in the microscopy 183 

images in figure 7. These images reveal that caffeine was suspended in a uniform distribution in 184 

the nasal spray drops within the sprayed HA fluid gel samples (figure 7A) whereas un-185 

crosslinked HA gellan shows caffeine accumulated in the core of the droplet (figure 7B).  To 186 

investigate the mucoadhesion properties of gellan blends, the release of caffeine from 0.25% LA, 187 

HA and blend (fluid gel and un-crosslinked gellan) at different ratios were studied and are shown 188 

in Figure 8. Pure LA fluid gel gellan shows almost 96% of drug released after 1 h; whereas pure 189 

HA fluid gel shows only 50 % drug release at the same time point with the 50:50 blend of these 190 

two polymers releasing 65 % after 1h. Un-crosslinked gellan samples however, present large 191 

difference in drug release between HA, LA and the 50:50 blend.  Pure LA gellan  releases almost 192 

100% of drug after 10 min; whereas pure HA shows only 6% drug release at the same time point 193 

with the 50:50 blend of these two polymers releasing 70% after 10 min. 194 



4.0 Discussion  195 

 196 

There are two main prerequisites for in situ gelling nasal spray systems: optimum viscosity 197 

and gelling capacity. The viscosity is a critical factor as the formulation should be at a enough 198 

low viscosity to be easily dispensed from the nasal spray device. It should then undergo a rapid 199 

sol–gel transition due to the physiological environment of the target site, which in the case of 200 

gellan, is due to ionic interactions with the ions in nasal fluid. Also the viscosity needs to be 201 

sufficient to facilitate adherence to the mucus membrane and prevent the formulation draining 202 

out of the nose or dropping to back of the throat. Moreover, the formed gel should preserve its 203 

integrity to facilitate sustained release of drugs locally, for a prolonged period of time without 204 

quickly dissolving or eroding. Previously in situ gelling nasal spray formulations have been 205 

investigated using LA gellan gum (as the in situ gelling agent) suspended in xanthan gum (used 206 

to reach to the optimum viscosity) (Cao et al., 2009). Here we have investigated the potential use 207 

of fluid gels prepared from LA, HA and 50:50 blend of LA and HA gellan gum as a 208 

mucoadhesive system for nasal spray formulations. The preparation of fluid gels is a simple 209 

process, producing gelled particles that are dispersed in an un-gelled medium. Producing fluid 210 

gels using a rheometer allows the cooling rate and the shear rate to be accurately controlled and 211 

the characteristic change in viscosity monitored. When the gellan gum fluid gels were formed 212 

with 0.1%, 0.5% and 1% w/w NaCl, the onset of gelation of HA and blend increased (Figure 3B-213 

D) compared with when no ions are added (Fig 3A), which can be explained by promoting 214 

aggregation of double helix with sodium chloride (Mahdi et al., 2014; Morris et al., 2012). The 215 

LA sample containing 0.1% w/w NaCl exhibited a clear transition (figure 3B) because the 216 

concentration at this level was sufficient to allow the crosslinking between two or more double 217 



helixes (Morris et al., 2012). Sanderson et al. (1988) reported intermediate textural properties 218 

between high and low acyl gellan gels when combining low acyl gellan with high acyl gellan to 219 

form a mixed gel. This is in good agreement with the present study, as the blend exhibited two 220 

transitions that are characteristic of the individual components (figure 3). Once manufactured, 221 

the bulk fluid gels containing caffeine showed shear thinning behavior suitable for spraying 222 

through nasal spray device (figure 4). Interestingly, HA viscosity dramatically decreased in 223 

presence of NaCl; this is thought to be due to the competitive inhibition by negatively charged 224 

glycerate group binding to some of the Na
+
 ions resulting in a stereochemical change that leads 225 

to the loss in the inter or intra-chain hydrogen bonds (Huang et al., 2003). For LA gellan, the 226 

absence of glycerate group facilitates binding of the Na
+
 ions to the carboxylate group in the  -227 

glucuronate residue, thus reducing the repulsive electrostatic force on the gellan helicies, 228 

promoting aggregation and development of a three dimensional network. There was no 229 

significant difference in viscosity of 50:50 blend of HA and LA fluid gels prepared with and 230 

without 0.5% NaCl, due to the balance between the HA properties and the LA properties present 231 

in the mixture. 232 

Gellan gum fluid gel formulations exhibit typical weak gel properties with G′ slightly higher than 233 

G′′ (figure 5), furthermore the G′ and G′′ for samples with NaCl have greater values. This has 234 

previously been demonstrated by Huang et al., (2003) and Huang et al., (2004). This weak gel 235 

rheological behavior causes these formulations to be more stable at low shear rates with 236 

sufficient viscosity to allow the samples to be inverted without any steady state flow as a result 237 

of particle-particle interactions (Garrec et al., 2013). Nasal spray formulations with relatively 238 

high values of zero shear viscosity that rapidly shear thin to enable dispensing would be greatly 239 

beneficial by suspending the drug more effectively on the shelf while not impacting the ease of 240 



administration. Furthermore, stress sweep measurements were used to determine the yield stress 241 

and to gain an understanding of the strength of particle-particle interactions. The HA with no 242 

ions has a higher yield stress value compared with the 50:50 HA/LA blend (figure 6B) and for 243 

this reason this HA gellan was poorly dispensed from the nasal spray, whereas the 50:50 blend 244 

could be dispensed without any problems.  245 

 246 

The mucoadhesive properties shown in figure 8 highlight that the HA containing formulations 247 

significantly slowed down the caffeine release (detected in the PBS perfusate), indirectly 248 

indicating that the gel remains adhered to the mucosal membrane for an increased time period.  249 

This is thought to be due to the greater elasticity and viscosity of HA promoting physical 250 

interations with mucins on the surface of the mucosa (Mao et al., 2000). Most of the HA (80%) 251 

formulation remained on the mucosal membrane for over 1 h when applied in the un crosslinked 252 

form compared with LA gellan which was 100% detached from the membrane in less than 10 253 

min. This is thought to be due to the strong in situ gelation of LA on contact with the ions on the 254 

mucosal surface. LA favours self-association rather than interactions with the mucins in the 255 

mucosal membrane. In addition LA gellan is prone to syneresis which could also contribute to 256 

the poor adhesion to the mucosal surface. HA gellan therefore appeared to be an excellent 257 

candidate for retaining the formulation at the site of action, however, the relatively high viscosity 258 

(figure 3B), elasticity and yield stress (figure 6B) hindered the administration from the nasal 259 

spray device. By formulating the HA gellan as a fluid gel (containing 0.5% NaCl) the viscosity 260 

and yield stress were reduced to a level similar to LA gellan fluid gel (containing 0.5% NaCl) 261 

(figure 6A), which is easily administered, while maintaining ~70% of the mucosal retention of 262 

the uncrosslinked HA (figure 8). This bulk rheology was also shown to be tunable by creating 263 



HA/LA blends with rheological properties (figure 5) and mucoadhesive properties (figure 8) 264 

intermediate to those of 100% HA and 100% LA. Another attractive feature of the fluid gel 265 

formulation is presented in figure 7 where microscopy has shown that the drug (caffeine) was 266 

uniformly distributed throughout the gelled micro-particles of the fluid gel,  whereas, when the 267 

formulation is in the uncrosslinked form the drug accumulated at the center of the dispensed 268 

droplet which is likely to influence stability, dissolution and uptake. The relatively simple 269 

process for creating fluid gels provides an attractive route to tune the bulk rheology of HA gellan 270 

to that which is applicable to liquid formulations while maintaining the elastic gel properties at 271 

the micro level. For these sprayable fluid gels to realize their potential, however, the 272 

biopharmaceutics of the formulations should be fully investigated.  273 

 274 

Conclusion 275 

In this study we have demonstrated that a mucoadhesive gelling nasal spray has the potential to 276 

be formulated using gellan gum fluid gels with a viscosity sufficient to spray out from the device 277 

and with elasticity great enough to adhere to the mucosal membrane. Furthermore, we have 278 

shown that it is possible to modify the physical behavior of the formulation by modifying the 279 

LA/HA ratio. Increasing HA gellan content in the fluid gel formulations increases the adherence 280 

time on mucosal surfaces. This work highlights the potential of using HA gellan gum in nasal 281 

spray formulations, providing a simple and effective technology to retain drugs at the site uptake. 282 

 283 

 284 

 285 
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Figure Captions 376 

 377 

Figure 1 Chemical structure of gellan gum A) High acyl gellan gum B) Low acyl gellan 378 

 379 

Figure 2 Schematic representation of the retention model apparatus (adapted from Batchelor et 380 

al., 2002) 381 



 382 

Figure 3 Viscosity of gellan gum during fluid gel formation at 0.25% w/w gellan gum (cooling 383 

at 2°C /min at a shear rate of 500 s
-1

) for 0.0% A), 0.1% B),  0.5% C) and 1% D) w/v  NaCl 384 

loaded with 2 mg/mL caffeine.  385 

 386 

Figure 4 A) Viscosity vs. shear rate at 20°C for 0.25%w/w gellan at 0.5% NaCl fluid gel and for 387 

un-crosslinked gel, B) Viscosity measurements at 20 °C at a shear rate of 500s
-1

 of gellan gum 388 

blends containing 2 mg/mL caffeine. 389 



 390 

Figure 5 Mechanical spectrum (1% strain; 20 °C) of a 0.25% gellan gum loaded with 2 mg/mL 391 

caffeine showing variation of G' (filled triangles), G'' (open triangles). 392 

  393 

Figure 6 A) Stress sweep for 0.25% gellan fluid gels crosslinked with 0.5% NaCl as function of 394 

HA:LA ratio (pure LA filled circles, pure HA filled triangles and 50:50 blend open diamonds  B) 395 

Stress sweep for 0.25% un-crosslinked gellan for HA (filled circles) and 50:50 blend (open 396 

squares). 397 

 398 

 399 



 400 

Figure 7 Light microscopy images of gellan gum loaded with 2 mg/mL caffeine A) Cross-linked 401 

HA B) un-crosslinked HA. 402 

 403 

Figure 8 Cumulative % caffeine retained on the mucosal membrane after 60 min  404 

 405 


