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Abstract 9 

This work describes the analysis and characterisation of polyvinylalcohol (PVA)-based hydrogel 10 

polymer beads, specifically focussing on the quantitative and qualitative aspects of water within such 11 

beads in the absence and presence of three drugs; doxorubicin and irinotecan (already utilised as 12 

medicines) and finally, imipramine (for comparison). Using optical microscopy the size of the beads 13 

in the presence of increasing amounts of imipramine decreased (121 to 79 µm) as water was 14 

displaced, demonstrating the presence of drug-bead interactions.  Thermogravimetric analysis (TGA) 15 

permitted determination of the total water content within the beads, ranging from beads alone that 16 

contained 96.8 % water, through to beads formulated with irinotecan that contained only 91.7 % 17 

water. Differential scanning calorimetry (DSC) was utilised to investigate water present within their 18 

hydrogel structures, separated into bound (non-freezing), loosely bound and unbound forms. For 19 

imipramine and irinotecan (25 mg/mL) beads there was little impact on the relative ratio of bound, 20 

loosely bound and free water within the structure. For doxorubicin and the higher drug loaded 21 

irinotecan a distinct decrease in overall water content was seen. This study confirms the ability of 22 

TGA and DSC to characterise the differing types of water within the beads and indicates the relative 23 

changes in water content in the presence of these three drugs. It is clearly beneficial to characterise 24 

states of water in such hydrogel systems to better understand drug loading and release in the context 25 

of cancer treatment. 26 
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Introduction 34 

Several strategies to modify drug release have been developed over the years including gelatin/non-35 

gelatin capsules [1], mesoporous silica materials [2, 3], liposomes/niosomes [4], inclusion complexes 36 

(such as cyclodextrins [5]), polymeric drug delivery systems [6-8] and many others such as 37 

nanocarriers [9]. Such formulations have successfully created a wide variety of drug release profiles 38 

with a range of positive impacts such as reducing dosing intervals or side effects, in some cases 39 

increasing bioavailability and generally increasing patient compliance. One group of the more 40 

recently developed formulation enhancers are the well-characterised, drug-eluting embolisation beads, 41 

currently used in the treatment of liver cancer whereby a drug/device combination is created based on 42 

a microspherical polymer bead, such as DC Bead LUMI™ [10, 11] or DC Bead M1™ [12]. Drugs 43 

including doxorubicin and irinotecan are mixed with the beads in the hospital pharmacy and are 44 

bound to the bead structure by an ion-exchange driven process prior to their administration within a 45 

patient, with intended sustained release at the site of action. Previous work from our group has utilised 46 

isothermal titration calorimetry to measure the binding interaction of such drug-based systems and 47 

determined the drug to binding site ratio on the bead for varying bead sizes and types, where the 48 

intended application is transarterial chemoembolisation [13, 14]. It was found that the molar ratio of 49 

four drugs to two types of sulfonate modified beads could be calculated as ratios of drug to SO3
- and 50 

determined (for the smallest beads) to be 0.9:1, 0.8:1, 0.4:1 and 0.9:1 for doxorubicin, irinotecan, 51 

mitoxantrone and topotecan respectively determined by the number of cationically-charged groups in 52 

the drug structure [13]. Interestingly, it appeared that bead size did not affect total binding 53 

stoichiometry yet did affect the rate of binding as bead size was found to be indirectly proportional to 54 

binding rate, i.e. drug bound to the smallest beads fastest of the four sizes and slowest with the largest 55 

beads (500 – 700 µm) due to an increased surface area to volume ratio. Such information helps in the 56 

development of formulation choices for beads used in clinical practice and particularly important in 57 

the case of rate of loading, as the drug is combined with the device within the hospital pharmacy prior 58 

to the procedure.  Microspheres in particular are selected because of their flow-directed geometric 59 

nature when delivered through microcatheters into blood vessels. Furthermore, such polymers give 60 

predictable drug release profiles [15], can swell once administered to create more efficient 61 

embolisation [16] and are capable of reversible drug interaction allowing the addition of drug in the 62 

clinic and subsequent drug release in the patient [17]. Alternative drug delivery device geometries 63 

have been reported, such as the use of cylindrical hydrogels which themselves can offer advantageous 64 

properties including drug release by temperature responsivity [18]. However, for the purposes of this 65 

study, drug-eluting beads were selected for analysis based upon their established, predictive 66 

pharmacokinetic behaviour [19]. 67 

These drug-eluting beads (DEBs) are known to contain a high water content, essential to their 68 

physical structure and hence handling and delivery properties, and therefore central to their suitability 69 
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to be used as a drug delivery embolisation system. Each individual DEB formulation is created in the 70 

pharmacy as required, whereby drug is loaded within DEBs, then given to the patient for subsequent 71 

drug release in vivo. The rate and extent of drug uptake within the DEB (and consequent release) will 72 

be influenced by diffusion through the hydrogel structure which itself will be influenced by the 73 

amount and behaviour of water within the beads.  Traditionally, the water content within such beads is 74 

calculated based upon a simple size decrease calculation or solid content measurement. This process 75 

is based upon several assumptions, such as that the volume decrease is a consequence of water content 76 

and is potentially neither accurate nor precise. Furthermore, the water within these hydrogel structures 77 

can be considered to be in one of three forms with regards to its interaction with the solid polymer 78 

content: tightly bound (i.e. frozen), loosely bound (i.e. freezing bound) or unbound (i.e. free) water 79 

[20]. The water that interacts closely with the hydrophilic functionalities on the polymer backbone is 80 

in essence ice-like in nature; that further out, from the influence of the chemical moieties, becomes 81 

more loosely bound until there is no further interaction and the free water can freeze upon decreasing 82 

the temperature. It is likely that the behaviour of drugs within beads, i.e. diffusion into and out of 83 

beads, will be influenced by the absolute and relative amounts of these three forms of water present 84 

[21]. For example, drug uptake is restricted by the movement of drug within the bead network which 85 

is itself influenced by the factors such as hydrophobic and physical interactions, themselves affected 86 

by the water content and overall bead structure [22]. Furthermore, comparatively quantifying the three 87 

forms may help in achieving a clearer understanding of the overall internal structure of these beads 88 

and impact on transport properties. Herein we seek to describe the novel application of TGA and DSC 89 

to quantify and characterise the water present within such DEBs and to investigate the effects of the 90 

incorporation of model drugs in the structure on the relative ratios of the various states of water within 91 

the system. Although previous research has facilitated determination of total water content within 92 

beads, and it is generally known that water within these types of hydrogels may exist in different 93 

forms, this is the first study to utilise these analytical techniques on such beads and determine the 94 

comparative states of water within each formulation. 95 

Materials and Methods 96 

Materials 97 

Polymer beads 70-150 µm DC BeadM1™ were kindly donated by Biocompatibles UK Ltd., a BTG 98 

International group company (Camberley, UK). Doxorubicin, imipramine hydrochloride and 99 

irinotecan (˃99 %) were purchased from Tokyo Chemical Industry Ltd. (Oxford, UK). De-ionised 100 

water was used throughout the experiments. All solutions were comprised of bead (and in some cases 101 

drug) in deionised water and formulated at room temperature. Chemical structures of the three drugs 102 

evaluated in this study are presented as ‘Supplementary Information’ and were chosen to represent a 103 

range of physicochemical properties including molecular weight, size and hydrophobicity, yet also 104 
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capable (in theory) of interacting with the hydrogel structure within the polymer beads based upon 105 

presence of a cationic charge and sufficiency of water solubility. 106 

 107 

Methods 108 

Drug loading into beads 109 

1 mL of DC BeadM1™ was transferred into a vial using a measuring cylinder and the majority of the 110 

packing salt solution removed with a pipette to leave a slurry of beads.  Imipramine hydrochloride 111 

solution (10 mg/mL) was added with a volume of 1 mL, 2.5 mL, and 5 mL to target 10, 25, and 50 mg 112 

loadings, respectively, followed by occasional gentle agitation and left overnight.  The residual 113 

solution was diluted and the UV absorbance was measured using UV-Vis spectrophotometry at 250 114 

nm and compared with a standard plot to determine the amount of drug remaining in solution (and 115 

hence by subtraction that loaded into the beads). A similar method was employed to incorporate 116 

doxorubicin and irinotecan within beads to achieve loadings of 25 and 37.5 mg/mL and 25 and 50 117 

mg/mL respectively. This solution-based method was adopted as it is necessary to add drug to the 118 

beads whilst both components are hydrated, i.e. in an aqueous solution (as opposed to dry beads or 119 

solid drug) to allow the drug to diffuse within the beads, as is the case when formulations are prepared 120 

within the hospital pharmacy. 121 

 122 

Optical microscopy, bead sizing and water content estimation 123 

Optical microscopy and measurement of bead sizes were carried out using a BX50 microscope and a 124 

10x dry objective for imipramine loaded beads as a model system to exemplify the traditional 125 

measurement process.  (Olympus UK Ltd, Essex, England). The eyepiece graticule used to measure 126 

the beads was verified using a calibrated graticule placed on the microscope stage (Graticules Ltd, 127 

Kent, England).  A monolayer of bead sample was placed in a Petri dish on the microscope stage and 128 

using the 10x objective and eyepiece graticule, the diameter of 200 individual beads was measured. 129 

The bead sizing data was entered into a spreadsheet and the size histograms generated using Prism 6 130 

(GraphPad Software, Inc., La Jolla, CA). Based on the size change of beads and the assumption that 131 

size decrease is a consequence of water displaced from beads by the drug, the water content in drug 132 

loaded beads was calculated as follows: 133 

x 100% 134 

 135 

In the calculation, Volume of water loss after drug loading = Volume of bland beads – Volume of 136 

drug loaded beads.  137 
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Thermogravimetric analysis (TGA) 138 

A Mettler Toledo TGA (TGA1 with STAR software) was used to investigate the total water content 139 

of the beads. Samples were filtered to remove excess water from packaging, ranging from 4 – 16 mg, 140 

placed on an aluminium holder and heated from 25 to 120 °C with a nitrogen carrier gas flow of 80 141 

mL/min and a heating rate of 1 °C/min. Weight loss as a function of temperature change was recorded 142 

with the total loss equated to the water content within the beads (n=3) both with and without the 143 

presence of drug.  144 

Differential scanning calorimetry (DSC) 145 

Differential scanning calorimetry (DSC) was performed using a Mettler Toledo DSC1 (using STAR 146 

software) equipped with chiller cooling apparatus. Samples of water, beads (filtered to remove excess 147 

water) and drugs with beads ranging from 4 to 10 mg in sealed aluminium pans were heated at a rate 148 

of 1 °C/min under a nitrogen flow of 80 mL/min from -20 to 20 °C (n=3). Using these data it was 149 

possible to quantify the amount of water within the beads that was able to undergo the freezing 150 

process, i.e. was not tightly bound to the polymer structure. This was based on the fact that tightly 151 

‘bound’ water is already ice-like and would not contribute to the peak observed within the DSC 152 

profile thus subtracting the water associated with the peak observed with DSC from the total water 153 

content observed from TGA allowed calculation of the amount of tightly bound water within the 154 

beads.  155 

Results and Discussion 156 

Drug loading evaluations 157 

Beads containing the model drugs were formulated and then analysed as described in the Methods 158 

section. Loading of both doxorubicin and irinotecan hydrochloride has been extensively described 159 

elsewhere [23-25] and will not be discussed in detail here. In summary, loading efficiencies for the 160 

two drugs were >99 % of the targeted doses as previously observed [24, 25]. Imipramine 161 

hydrochloride is an antidepressant drug that has some significant side effects. We had a general 162 

interest to understand if this cationically-charged drug (pKa = 9.4 and logP = 4.8 (PubChem)) would 163 

display drug-bead interactions that may form the basis of a controlled delivery system. We predicted 164 

from its structure that it may interact similarly to irinotecan (pKa = 11.7 and logP = 3.2 (ChemAxon)) 165 

and more weakly than doxorubicin (pKa = 7.3 and logP = 1.3 (PubChem)) based upon chemical 166 

structure [26]. Drug loading studies permitted calculation of the amount of imipramine hydrochloride 167 

loaded per mL of hydrated beads from the three different drug concentration solutions (Table 1). For 168 

the 10 mg/mL, 25 mg/mL and 50 mg/mL drug concentrations, beads were found to load 95.2 %, 92.5 169 

% and 61.5 % of the drug respectively. Drug interaction is presumed to be via an ion exchange 170 

process as for other reported hydrochloride salts [26] through the tertiary amine group pendent to the 171 

ring structure. At lower concentrations (10 & 25 mg/mL), loading efficiency was relatively high (>90 172 

%) as the number of cationically-charged binding groups on the drug was less than the number of 173 
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anionic sulfonate groups in the bead structure. For the 50 mg/mL loading, the number of drug binding 174 

groups is in excess and loading is saturated at 62 % loading, where all binding sites are occupied by 175 

drug molecules. This equates to around 30 mg/mL maximum loading potential for imipramine 176 

hydrochloride. 177 

Table 1: Drug (imipramine) structure and loading amount and efficiency in 1 mL of DC Bead (n=3) 178 

 179 

Optical microscopy analysis of the beads indicated that their average size decreased when drug 180 

loading was greater than 10 mg/mL (Figure 1 and 2), with the greatest change seen from 121 ± 19 m 181 

to 79 ± 17 m following loading with the highest concentration of drug (see Table 2).  This is 182 

consistent with what has been observed previously with other cationically-charged drugs, where bulky 183 

drugs with hydrophobic components enter the hydrogel matrix and bind to the anionic sulfonate 184 

moieties, resulting in water being displaced from the interstitial spaces between polymer chains, 185 

decreasing the water content and causing the beads to shrink in diameter [25, 27]. These empirical 186 

findings therefore confirm that imipramine displays a level of drug-bead interaction that validates its 187 

inclusion in the further study on the effects of the states of water within the hydrogel matrix. 188 

 189 

 190 

 

(A) 

 

(B) 

Figure 1:  Size (A) and volume (B) distribution of bland DC Bead, 10 mg/mL, 25 mg/mL, and 50 191 
mg/mL imipramine loaded beads.  192 

 193 

 194 

 

Target loading  

(mg/mL) 

Measured Loading  

(mg/mL) 

Loading yield 

(%) 

10 9.52 ± 0.01 95.19 ± 0.09 

25 23.13 ± 0.27 92.54 ± 1.09 

50 30.76 ± 2.65 61.53 ± 5.29 
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Table 2:  Data for bead sizes and estimated water fraction in DC beads in the presence of imipramine 195 

* Data based on a weight measurement previously published [28]  196 

 197 

Figure 2 shows optical micrographs of DC Bead before and after imipramine loading at different 198 

concentrations. The drug loaded beads remain a spherical shape with no signs of deformation or 199 

fragmentation. The blue colour is due to the presence of the Reactive Blue 4 tint on the bead structure 200 

and the beads loaded with >25 mg/mL drug appear more intense in colour as the bead shrinkage 201 

intensifies the appearance of the dye.   202 

  

  
 203 

Figure 2:   Microscope images of DC Bead after imipramine loading overnight.  A) Bland beads.  B) 204 
10 mg/mL loading.  C) 25 mg/mL loading.  D) 50 mg/mL loading.  The scale bar is 500 µm.  205 

With all drug loadings achieving suitably high success, i.e. in all cases ≥ 93 % of the target loading, 206 

discussion in the following sections is presented based upon target loading values, rather than actual 207 

 Bland 10 mg/mL 25 mg/mL 50 mg/mL 

Bead size range (µm) 91.1-175.5 84.4-178.9 57.4-118.2 52.3-124.9 

Average diameter of beads ± 

SD (µm) 
121.4 ± 19.4 117.4 ± 18.9 80.9 ± 14.9 78.5 ± 16.8 

Estimated water content in 

beads (v/v) 
96.30 % * 95.90 % 87.48 % 86.30 % 

A B 

C D 
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loading, to simplify data presentation. The only exception to this is the highest drug loading attempted 208 

for imipramine at 50 mg/mL (62 %) as the maximum possible loading had been surpassed with all 209 

available sites occupied. The reason for this is a consequence of the significantly smaller molecular 210 

weight of the drug [29] (280 gmol-1) compared with doxorubicin (544 gmol-1) and irinotecan (587 211 

gmol-1); thus when comparing drug loadings in mg/mL the former drug saturates the anionic sites 212 

within the polymer at a lower concentration compared with the latter two drugs. For this reason, 213 

further analysis concentrated on imipramine drug loading at 25 mg/mL where an acceptable loading 214 

of 93 % was achieved. 215 

Thermogravimetric analysis (TGA) 216 

TGA was undertaken for three samples of beads with a mass loss of 97.2, 95.6 and 97.5 % indicating 217 

the beads to contain an average of 3.2 % solid content and 96.8 % water. Previous research has 218 

indicated a percentage of water content of 96.3 % using centrifuged mass loss analysis [28]. This is 219 

the first published result using TGA to analyse these types of beads and it is reassuring to see that the 220 

values from this work and that published previously are very similar, thus confirming the suitability of 221 

TGA as a technique to determine total water content within such beads.  222 

Following drug loading with the three separate model drugs, the formulated beads were analysed, 223 

using the same method as for the bland beads discussed previously. For doxorubicin TGA mass loss 224 

ranged from 93.5 % to 94.2 % with a calculated average total water content of 93.6 % (25 mg/mL) 225 

and from 90.6 % to 93.8 % with a calculated average of 91.8 % (37.5 mg/mL). For imipramine TGA 226 

mass loss ranged from 94.7 % to 96.1 % with an average value of 95.4 % (25 mg/mL). For irinotecan 227 

TGA mass loss ranged from 94.8 % to 96.9 % with an average of 95.8 % (25 mg/mL) and from 91.0 228 

% to 92.6 % with an average of 91.7 % (50 mg/mL). It is interesting to note that the percentage for 229 

imipramine determined using TGA is slightly higher (7 %) than that using bead size estimation with a 230 

similar discrepancy seen when comparing the data for doxorubicin (4 %) with published values [24].  231 

Using the TGA data it can be seen that, in general, increasing amounts of drug loading (of any type) 232 

reduces the total water content within the beads, with for example, the greatest effect being a 5.1 % 233 

reduction in total water content observed when comparing beads loaded with 50 mg/mL irinotecan 234 

compared with unloaded beads.  This finding correlates well with the results observed regarding bead 235 

size in that water content decreased as the beads reduced in size.  Individual total water content values 236 

are included within the overall summary in Figure 6. An example of TGA data obtained for the beads 237 

in the absence and presence of drugs is shown in Figure 4. For all samples analysed, all TGA profiles 238 

exhibited a similar appearance to Figure 4 in that a single, mass loss event was observed with 239 

completion by 100 ºC allowing the assumption to be made that the event corresponded to a 240 

dehydration event through the loss of water from within the bead. 241 
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Figure 4: TGA profiles for DC Beads and DC Beads with doxorubicin (25 and 37.5 mg/mL),  243 

imipramine (25 mg/mL) and irinotecan (25 and 50 mg/mL). 244 

 245 

Differential scanning calorimetry (DSC) 246 

DSC analysis was completed for the bead samples, both with and without drugs present, and also for 247 

water, to quantify the extent of the water within the beads that could undergo the freezing process. 248 

This was of particular interest as although TGA facilitated measurement of the total water content, it 249 

did not identify the subtleties within the types of water present. Examples of the data obtained for 250 

water alone and drug loaded beads are presented in Figure 5. Interestingly, a small difference can be 251 

seen when considering the effect of drug loading on the temperature at which the event occurs in that 252 

it appears for the higher drug loadings of doxorubicin and irinotecan a small reduction in event 253 

temperature can be observed, ~ 1 ºC compared with the lower dose of drug or beads alone.  254 
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 256 

Figure 5: DSC profiles for water, DC Bead and DC Beads with doxorubicin (25 and 37.5 mg/mL),  257 

imipramine (25 mg/mL) and irinotecan (25 and 50 mg/mL). 258 

 259 

Analysis of the data acquired resulted in an average total area for water of 376.8 ±9.2 Jg-1 per mg and 260 

317.3 ±0.6.2 Jg-1 per mg for beads without drug (assuming an average water content of 96.8 %). 261 

However, these values are lower than that recorded for water alone, thus a proportion of the water 262 

within the beads was so tightly bound that it was unable to freeze (known as non-freezing or bound 263 

water), as seen in other similar systems [30-32]. Through subtracting the normalised integral for the 264 

beads from that of pure water it was possible to calculate the percentage of non-freezing water present 265 

within the beads, with a value for beads without drug present of 15.8 % (± 3.2 %). This is attributed to 266 

water that interacts via hydrogen bonding interactions with the hydroxyl and ionic functionalities of 267 

the polymer backbone and potentially nanocavities within the hydrogel structure – a known reason for 268 

the formation of unfrozen water [33]. Interestingly, the peaks observed for the beads were not 269 

symmetrical, implying that DSC was able to differentiate between the two remaining types of water 270 

within the beads, i.e. that which is loosely bound (known as freezing bound) and the remainder which 271 

is unbound (known as free water). Through deconvolution of the peaks and subsequent integration of 272 

the areas it was possible to determine the percentages of the two within the bead. This was undertaken 273 

using Origin® (Version 2020) whereby the raw data was plotted, then deconvoluted using peak 274 

analysis and each peak area integrated separately. For beads without drug present the 81.0 % water 275 

content was further quantified and subdivided into 25.1 % loosely bound with the remaining 55.9 % 276 
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unbound (so approximately 16 % bound, 26 % loosely bound and 58 % free water respectively). As a 277 

similar appearance was also observed for all of the DSC profiles containing beads and drugs, in that a 278 

clear two-peak event had occurred, a second set of analyses were undertaken to quantify the water 279 

within beads in the presence of the three model drugs. Again, using the percentage of water content 280 

from TGA and the peak area it was firstly possible to calculate the non-freezing percentage of water 281 

present. The DSC double peak observed was then deconvoluted to determine the relative ratios of 282 

loosely bound and free water. Figure 6 summarises our findings for all samples analysed using DSC.  283 

 284 

Figure 6: Summary of bead content including the percentage of different states of water in various DC 285 

beads containing 25 mg/mL imipramine (Imi), 25 and 50 mg/mL irinotecan (Iri) and 25 and 37.5 286 

mg/mL doxorubicin (Dox)  287 

 288 

An alternative way to consider the data presented in Figure 6 is to normalise the solid content for all 289 

beads to a value of 1 and express the water contents as ratio values of solid:bound:loose:free water. In 290 
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this case the six formulations are expressed as: bland beads (1:5:8:18), imipramine 25 mg/mL 291 

(1:4:5:13), irinotecan 25 mg/mL (1:3:5:14), doxorubicin 25 mg/mL (1:4:4:7), irinotecan 50 mg/mL 292 

(1:3:2:6) and doxorubicin 37.5 mg/mL (1:4:4:7). Clearly it can be seen that loadings of either 293 

imipramine or irinotecan at 25 mg/mL drug concentration led to very little change in the overall ratio 294 

of bound:loosely bound:free water compared to unloaded beads. As this is close to the total loading 295 

capacity for imipramine it can be concluded that the drug-polymer interaction is relatively weak 296 

despite the decrease in observed diameter of the microspheres. At this concentration only about half 297 

of the binding sites are occupied by irinotecan and hence no major effect on water fractions is 298 

observed. For doxorubicin however, the ionic interaction coupled with drug-drug pi-pi interactions 299 

drives a more significant effect with a greater reduction in overall water content but more importantly, 300 

a large increase in non-freezing bound water fraction relative to free water. This is indicative of an 301 

overall reduction of the pore volume within the hydrogel increasing the drug-polymer interaction with 302 

hydrophilic and ionic complexation sites within the structure. The picture is similar for doxorubicin 303 

loading at 37.5 mg/mL indicating little further effect despite a further small decrease in overall water 304 

content. Irinotecan has aromatic rings (although not as conjugated as doxorubicin) and can stack in a 305 

similar way, although with much weaker pi-pi interactions. It therefore aggregates at high 306 

concentration (as found within the bead structure) to form a dimer that has a known self-association 307 

that is weaker than that for doxorubicin. From this, it can be hypothesised that the hydrophobic 308 

interaction in irinotecan-loaded beads is weaker than doxorubicin based beads, and the latter will thus 309 

have stronger interactions, and therefore a denser structure [34-36]. This lack of effect on the bound 310 

water content is apparent at the lower drug loading considered. Increased irinotecan loading however 311 

displays a stark change from that of the 25 mg/mL loading with a large increase in non-freezing 312 

fraction from 13.8 % to 25.4 % for 25 and 50 mg/mL loadings respectively. In all cases the loosely 313 

bound water fraction that represents the water at some distance away from the direct influence of the 314 

polymer chain functional groups, remains around a quarter of the overall water type in the system. 315 

 316 

Conclusions 317 

This work presents the first evaluation of using TGA and DSC to characterise the water content 318 

within drug-eluting embolisation beads. TGA facilitated a simple and rapid form of analysis to 319 

determine the total water content within beads alone or in the presence of three model compounds. 320 

Furthermore, DSC was successfully employed to examine the water content in more detail, to identify 321 

the tightly bound, loosely bound and unbound percentages within the samples analysed. In 322 

conclusion, the results presented in this study confirm the suitability of TGA and DSC to investigate 323 

such beads with respect to their water content and could potentially be applicable to a broader 324 

spectrum of commercially-available bead types as knowledge of how drugs interact with these 325 
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polymers is incredibly useful when trying to understand the nature of the drug-bead interactions and 326 

predict how the drug might be released in the clinical situation. 327 

 328 
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