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ABSTRACT 18 
 19 

Understanding the intra-tumoral distribution of chemotherapeutic drugs is extremely 20 

important in predicting therapeutic outcome. Tissue mimicking gel phantoms are 21 

useful for studying drug distribution in vitro but quantifying distribution is laborious 22 

due to the need to section phantoms over the relevant time course and individually 23 

quantify drug elution. In this study we compare a bespoke version of the traditional 24 

phantom sectioning approach, with a novel confocal microscopy technique that 25 

enables dynamic in situ measurements of drug concentration. Release of 26 

doxorubicin from Drug-eluting Embolization Beads (DEBs) was measured in 27 

phantoms composed of alginate and agarose over comparable time intervals. Drug 28 

release from several different types of bead were measured. The non-radiopaque 29 

DC Bead™ generated a higher concentration at the boundary between the beads 30 

and the phantom and larger drug penetration distance within the release period, 31 

compared with the radiopaque DC Bead LUMI™. This is likely due to the difference 32 

of compositional and structural characteristics of the hydrogel beads interacting 33 

differently with the loaded drug. Comparison of in vitro results against historical in 34 

vivo data show good agreement in terms of drug penetration, when confounding 35 

factors such as geometry, elimination and bead chemistry were accounted for. 36 

Hence these methods have demonstrated potential for both bead and gel phantom 37 

validation, and provide opportunities for optimisation of bead design and 38 

embolization protocols through in vitro-in vivo comparison.  39 

KEYWORDS   Drug-eluting Embolization beads (DEBS), drug distribution, in vitro-in 40 

vivo correlation, confocal microscope. 41 
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1. Introduction 50 

 51 
Drug-eluting embolization Beads (DEBs) now play an important role in the treatment 52 

of several liver malignancies in hospitals worldwide due to their cost-effectiveness, 53 

ease of use and reproducible clinical outcomes [1-3]. DEBs are administered using a 54 

minimally-invasive image-guided procedure. They are injected into the hepatic blood 55 

supply via a microcatheter and carried into the tumor vessels where they physically 56 

occlude the flow, starving the tumor of vital oxygen and nutrients. A 57 

chemotherapeutic agent loaded within the bead structure is then released over time 58 

into the local environment, at a rate that depends upon a variety of factors including 59 

the strength of drug-bead interactions, bead size, number of beads packed into a 60 

vessel, dose of drug, drug physicochemical characteristics and nature of the 61 

surrounding tissue [4].  62 

 63 
DEB elution has traditionally been characterized using flow cells designed to emulate 64 

the processes of ion-exchange, diffusion and convection in vivo and hence the 65 

likelihood of any systemic toxicity prior to human trials [5, 6].  Although useful for 66 

assessing burst elution under flow (i.e. amount of drug released systemically), these 67 

methods do not allow for mimicking the in situ kinetics of drug distribution directly 68 

into the tissue. It is these kinetics, however, that give a stronger indication of the 69 

local efficacy of the treatment [7]. Until recently, information on local levels of drug in 70 

the tissue have been obtained only in costly and laborious animal models of liver 71 

cancer (including rat, rabbit and woodchuck), or from healthy large animal hepatic 72 

arterial embolization studies [8-10]. There has, however, been significant progress in 73 

the use of microfluidic technologies for vasculature biomimicry to generate both two-74 

dimensional and complex three-dimensional biomimetic in vitro models using cell-75 

laden hydrogels [11]. Whilst the focus for these models has been largely towards 76 

organ-on-a-chip development and study of cellular processes [12], little has been 77 

described for studying arterial embolization and drug delivery. We have presented 78 

previously both a microfluidic device that replicated three levels of vessel branching 79 

[13] and a silicon-based vascular flow simulator with a twenty-branch architecture 80 

[14, 15] that have been used to evaluate drug-elution from embolic microspheres. 81 

Both models, however, have significant limitations, not least because they are 82 

unable to model the diffusion of a drug from an embolic device into the surrounding 83 

tissues. Most recently an ex vivo decellularized rat liver model has been described 84 

with preserved liver-specific vasculature and optical transparency, that has been 85 

used to evaluate both liquid and particulate embolization agents [16]. Whilst the 86 

complex vessel structures are maintained, the model still lacks the element of 87 

cellular uptake and metabolism and is complex and challenging to use as a routine 88 

screening method for product development purposes. 89 

 90 

Given the widespread integration of hydrogels in microfluidic applications due to 91 

flexibility of preparation, free diffusion of small molecules, biocompatibility, potential 92 

for temperature sensitivity and low cost [17], we have been motivated to develop a 93 
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hydrogel tissue-mimicking model into which DEBs can be implanted and drug 94 

diffusion kinetics monitored. In the present study we compare differences in drug 95 

release from DEBs with different chemical structures, using both a physical 96 

sectioning method and a non-invasive in vitro method utilising confocal microscopy, 97 

that have been developed in independent laboratories with the intent to interrogate 98 

drug elution into tissue mimics in real-time. The drug release measured with each 99 

method and bead type are then analysed and compared to historical in vivo imaging 100 

data conducted in a swine implantation model to determine the potential of the 101 

methods as relatively fast and facile techniques to predict drug diffusion in tissue 102 

from DEBs. 103 

 104 

 105 

2. Materials and methods 106 
 107 

2.1 Materials 108 
 109 
Sodium alginate (A1112, low viscosity grade) and agarose (A9535, BioReagent) 110 

were purchased from Sigma (St Louis, MO, USA).  Doxorubicin hydrochloride 111 

powder (Dox) was purchased from Hisun Pharmaceuticals (Zhejiang, China) at 112 

99%+ purity.  Embolic beads used in this study were 70-150 µm DC Bead M1™ (DC 113 

Bead) and its radiopaque counterpart, 70-150 µm DC Bead LUMI™ (LUMI), both 114 

provided by Biocompatibles UK Ltd (Farnham, UK). Saline solution (0.9% w/w) was 115 

purchased from Fresenius Kabi AG (Homburg, Germany) and water for injection 116 

(WFI) (Baxter, UK).  Deionised water of Milli-Q quality was prepared from a Satorius 117 

Arium Comfort system (Goettingen, Germany).   118 

 119 
2.2 Drug-eluting Bead (DEB) preparation 120 

 121 
Dox was dissolved in deionized water to produce a stock solution of 25 mgmL-1 122 

concentration. Both DC Bead and LUMI were loaded with Dox to obtain a dose of 123 

37.5 mgmL-1 by firstly removing the majority of the saline solution in which they were 124 

received to leave a~2mL wet slurry of beads in the vial, to which was added 3mL of 125 

the Dox stock solution (75mg total dose). This was left for 1 hour with occasional 126 

agitation to load the beads completely with drug (turning the beads red and the 127 

loading solution very pale pink indicating >99% loading was achieved).  128 

 129 
2.3 Dox distribution by sectioning method 130 
 131 

A mixed agarose (1.5 wt%) and alginate (0.5 wt%) hydrogel was used as the tissue 132 

mimic with the expectation that Dox diffusion would be determined by the charge-133 

charge interaction between Dox and carboxylic acid on the alginate [18]. To prepare 134 

the hydrogel, sodium alginate was dissolved in saline to make a 2 wt% solution. This 135 

was roller-mixed over 24 hr at room temperature, and then passed through a 5 µm 136 

filter to remove any undissolved particles. A 2 wt% agarose solution was prepared 137 
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separately by dissolving agarose into saline at 95oC first, then the temperature was 138 

allowed to fall to ~50 oC before it was mixed with alginate solution.   139 

The mixed hydrogel was prepared by mixing the appropriate volumes of alginate and 140 

agarose solution at 50oC. This was then cast into cells adapted from 5 mL syringes 141 

and allowed to cool to ambient temperature.  A channel with 1.6 mm diameter was 142 

created in the centre of each sample to mimic a blood vessel, and later DEB were 143 

packed into this channel (see Fig 1B).  The samples were kept in saline until 144 

required for the tests described below.  145 

 146 
To measure the Dox distribution in the hydrogel over time, the aforementioned gel 147 

phantom was packed with Dox-loaded DEBs, by loading beads into the 1.6 mm 148 

diameter channel centred in the gel.  Once each channel was fully packed with 149 

beads, the syringe tip ends were removed and the gels were gently pushed forward 150 

and blade-sectioned using sectioning equipment made in-house.  At predetermined 151 

time points, 1 mm thick sections were taken to sample Dox distribution in the 152 

hydrogel around the lumen and images were taken with an Olympus SZX16 153 

fluorescence microscope fitted with SC50 camera (2.5x mag with GFPA filter) 154 

according to the Dox excitation and emission wavelength range (480 nm and 600 155 

nm). A CMOS detector with a working distance of 15-20 mm was employed to 156 

monitor drug diffusion from the beads.   157 

The images were processed to obtain the grayscale intensity gradient along the 158 

diffusion direction. The captured images were analyzed by drawing a line profile (3-4 159 

mm) from the interface between beads and gel lumen to obtain the amplitude of the 160 

intensity as a function of distance from the lumen wall (Fig 1B), followed by 161 

processing with a smooth function by software Olympus Stream Essentials V2.2. 162 

Then the grayscale values were converted to Dox concentration by comparison with 163 

a standard curve (see Fig S3 in Supplementary Information) obtained from 1 mm 164 

thick agarose gel sections containing known Dox concentrations.   165 

2.4 In situ confocal microscopy  166 

A long working distance (51 mm) confocal microscope was previously developed to 167 

study drug diffusion in tissue under ultrasound excitation [19]. In the present study, 168 

this system was used to monitor diffusion of Dox in gel samples in situ, without the 169 

need for sectioning.  In order to maintain the consistency of fluorescence 170 

measurements, the instrument sensitivity was kept constant by fixing the 171 

photomultiplier tube (PMT, H9306-04; Hamamatsu Photonics, JP) control voltage at 172 

600 mV and the laser forward current at 60 mA, with the latter corresponding to 0.73 173 

mW of optical output power. Additionally, multisampling was used to increase 174 

instrument sensitivity whilst reducing the signal-to-noise ratio.  Optical sections of the 175 

phantoms were generated by scanning along the X, Y, and Z axes using motorized 176 

linear stages.   177 
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Again, a 0.5 % alginate : 1.5 % agarose gel mimic was used with a single 1.6 mm ID 178 

circular cross-section channel set into the gel contained with a semi-permeable 179 

Mylar® window [1] (Fig 1). The Dox-loaded DEB were packed into the lumen of the 180 

channel (shown in Fig 1A) and sealed with glass beads to prevent movement at both 181 

ends when mounting in the confocal system, and 0.9% saline was allowed to flow 182 

through the DEB to replace the solution in the lumen for 30 min before confocal 183 

microscopy measurement. The gel was then mounted inside a tank filled with 184 

deionised and degassed water in front of the confocal laser source and detector.  185 

Instrument parameters were optimized to 2 min scan intervals for 1 hour to obtain 186 

the maximum dynamic response to fluorescence signals whilst minimising 187 

photobleaching of calibration gels preloaded with doxorubicin at various 188 

concentrations between 20-50 µM (Fig S2, Table S1). A diffusion profile and 189 

maximum drug penetration distance was reported for each bead type. The 190 

temperature of the water bath was kept at room temperature (24 oC).   191 

 192 

 193 
 194 
2.7 Drug distribution model and data processing 195 
 196 

In a biological setting, the process of drug release from the DEB packed lumen into 197 

the surrounding tissue consists initially of ion-exchange between various salts and 198 

Dox [20-25]. This is followed by drug diffusion through the bead matrix, then the 199 

arterial wall and finally the surrounding tissue; the latter being accompanied by drug 200 

metabolism within the cells and elimination by leakage into neighbouring vessels.  In 201 

this study, the focus was the release of Dox in tissue mimicking gel, taking account 202 

of variations due to bead composition, structure and measurement technique.   203 

 204 

In this study, a model based on Fick’s second law in cylindrical coordinates was 205 

used to describe Dox transport in tissue mimicking gel (Eq. 1).  As shown in Fig 1, 206 

the DEB packed vessel can be modelled as a uniform cylinder, containing fluid that 207 

is static once embolization is achieved. It is also assumed that the lumen wall is the 208 

integrated part of the cylinder without further differentiation.    209 

 210 

                                                                                                                                (1) 211 

 212 

where c is Dox concentration in µM, r is distance along the radial direction in cm, D is 213 

the effective diffusion coefficient of Dox in cm2 s-1, and k is the apparent drug 214 

elimination coefficient in s-1.  215 

The boundary conditions are: 216 

                                                      𝑐(𝑅, 𝑡) = 𝐶                                                         (2) 217 

                                                      𝑐(𝐿, 𝑡) = 0   (𝐿 ≫ 𝑅)                                           (3) 218 

 219 

𝜕𝑐

𝜕𝑡
=
𝐷

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑐

𝜕𝑟
) − 𝑘𝑐 
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where R is the radius of DEB packed lumen, C is the maximum drug concentration at 220 

the interface of DEB and gel, L is the radius of the gel.  221 

 222 

The initial condition is:  223 

                                                      𝑐(𝑟, 0) = 0                                                          (4) 224 

 225 

The partial differential equation (1) was solved by numerical analysis using the pde 226 

function in Matlab (Mathwork, MA USA).  In the case of diffusion in tissue-mimicking 227 

hydrogel, the drug elimination coefficient k=0, as no metabolism occurred.  The 228 

radius of the DEB-packed lumen was fixed as 800 µm.  Typical drug diffusion 229 

measurements are shown in Figs. 2 and 3.  The average gray values from the edge 230 

of the gel were used as the baseline at the initial stage of diffusion. At the later stage 231 

of approximately 2 hr, the front of drug diffusion reached the edge of gel, so that the 232 

distribution of drug concentration deviated from ideal diffusion due to edge effects, 233 

and background gray values measured from a bland gel were adapted for 234 

calculations. The unknown characteristic parameters, Dox diffusivity D and boundary 235 

concentration C were obtained by fitting the data measured from both sectioning 236 

method and confocal method by solving equation (1). It is started by an assignment 237 

of D and C with estimated values, followed by resolving the numerical solution of 238 

equation (1).  The calculated C-distance profile was compared with experiment data 239 

and the sum of the least squares of the difference was calculated out.  The process 240 

was iterated until a best fit was found by minimising the sum of least squares, and 241 

corresponding D and C were determined at the same time.   242 

For fitting of in vivo fluorescence data, where k≠0, the drug concentration C at the 243 

lumen boundary was used directly from measurement data.  Dox elimination 244 

coefficient k was fixed by using a literature value which was obtained from rat liver 245 

tissue [31], to avoid the correlation between multiple fitting parameters. Only the 246 

effective diffusivity D was fitted in solving Eq. (1). In the case where a single bead 247 

and surrounding tissue were mapped to acquire Dox distribution, the geometry of 248 

packed beads was still approximated as a cylinder.  The radius of the cylinder was 249 

an average of 50 µm for calculation purposes. To further estimate the drug release 250 

for the in vivo situation, based on the fitted effective diffusivity D, the distribution of 251 

Dox concentration was calculated in a hypothesis case of k=0, which provided total 252 

drug released at the time point, including the eliminated drug.  By summing the 253 

cylindrical drug distribution at k=0, the dose of released drug at different times could 254 

be calculated from Eq. (5), and a cumulative drug elution profile could be generated.   255 

 256 

As shown in Fig 1B, the DEB packed vessel was treated as a uniform cylinder, 257 

containing fluid that is static once embolization is achieved. It is also assumed that 258 

the lumen wall is the integrated part of the cylinder.  Based on the drug distribution 259 

profile obtained from the measurement, the amount of released drug (Mt) at different 260 

time points could be obtained by summing the quantity of drug in a cylindrical volume 261 

along its radial direction:  262 
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 263 

𝑀𝑡 =∑𝜋𝑙(𝑟𝑖+1
2 − 𝑟𝑖

2

𝑖

)
(𝐶𝑖 + 𝐶𝑖+1)

2
 264 

where l is the length of DEB-packed lumen, ri is the radius of the selected region 265 

obtained directly from distance points converted from pixel, and Ci is the drug 266 

concentration at each point.  The drug release profile could be obtained in the form 267 

of Mt vs. time to further illustrate the characteristics of drug release from the DEB in 268 

an embolized state.  269 

The cumulative drug elution was calculated by summing up the quantity of released 270 

drug from the vessel surface to the points in which drug concentration decreased to 271 

zero along radial direction.  As there is no drug elimination occurred in alginate-272 

agarose hydrogel, the amount of drug calculated is the total amount of drug released 273 

from beads at the time that fluorescence images were taken, hence the values are 274 

used directly as the data points to construct the cumulative drug release profile (see 275 

Section S4, Supplementary Information).  276 

 277 
The semi empirical power law: 278 

  279 
                                                    Mt  ̸ M∞ = at 

b                                                         (6) 280 

 281 
was used to fit the drug release data, where the Mt is a cumulative dose released at 282 

time t, M∞ is the cumulative dose released at infinite time, which was approximated to 283 

the total drug loading, and a is a constant reflecting the structural and geometric 284 

characteristics of the delivery system, and b is a release exponent of the value of 285 

which is related to the underlying mechanism of release [26].   Exponent b was fixed 286 

as 0.45 to represent the packed vessel as a cylinder in the fitting. The fitting results 287 

are treated as indication only for the time period corresponding to the experiment 288 

and do not predict the elution trend over longer times. They also do not reflect the 289 

release mechanism of the packed beads through ion-exchange [23, 27] and the 290 

interaction of beads and hydrogel components. 291 

 292 

2.8  Historical in vivo comparative data  293 
 294 
Previously unpublished data conducted as part of a historical swine liver and kidney 295 

embolization study described by Dreher et al. [28], was utilised to evaluate the 296 

predictive capabilities of both methods.  In this study drug loaded DC Bead was 297 

delivered in a healthy swine model (kidney and liver) and drug release was then 298 

quantified by epi-fluorescence sectioning of the surrounding tissue following 299 

sacrifice.  This was conducted at a single and multiple bead level and showed the 300 

tissue distribution of Dox including elimination in vivo (see Section S4, 301 

Supplementary Information).    302 

 303 
Statistics 304 

(5) 
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ANOVA and t-Test analyses were performed in Excel (Microsoft) by comparing two 305 

groups of data. P values less than 0.05 were considered to indicate statistical 306 

significance, and all statistical tests were two-sided. Data are reported as means with 307 

SD unless otherwise indicated. 308 

 309 
 310 

 311 

 312 

  313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

Figure 1: (A) Experimental setup for confocal fluorescence measurement including mounted 321 
agarose: alginate gel matrix immersed in a water bath at room temperature.  With false 322 
colour rendering of the fluorescent signal output over time in the gel matrix.   (B) Left picture 323 
is gel sample with a 1.6mm ID channel of packed Dox-loaded beads.  The central picture 324 
shows a sectioned gel in 1 mm thickness.  325 

 326 

3. Results and discussion 327 
 328 
3.1  Effect of DEB chemical structure on Dox distribution profiles 329 
 330 

(A) 

(B) 

Confocal imaging setup 

Sectioning method 

Packed 

beads 

Alginate-

agarose 

gel 



10 
 

The fluorescence measurement of Dox elution and diffusion from both DC Bead and 331 

LUMI within agarose (1.5%) -alginate (0.5%) gel phantoms are shown in Fig. 2A-F.  332 

A direct visual comparison between DC Bead and LUMI indicates that Dox covered 333 

much larger area in DC Bead samples (A-C) than that of LUMI (D-F), suggesting that 334 

drug release from DC Bead was much faster.  The extracted distribution profile of the 335 

Dox concentration and fitted curve by solving Eq. (1) were shown in Fig. 2G and 2H.  336 

The fitted parameters of diffusivity and Dox concentration at interface between beads 337 

and gel wall were listed in Table 1. Both the values of penetration of drug front and 338 

fitted interface drug concentration of DC Bead are higher than that of LUMI at each 339 

time points.  The difference in penetration distance is not marked as peak 340 

concentration, only about 300-500 µm further in the case of DC Bead.    341 

 342 

Fig. 3A-F are the images of in situ measurement of confocal microscopy, which 343 

demonstrated the immediate acquirement of drug distribution in both radial and axial 344 

direction.  From the images, the Dox diffusion in gel along the axial direction were 345 

not uniformly distributed, a reflection of gradual bead loading process when sample 346 

was injected into the vessel.  Similar to what observed in sectioning method, Dox 347 

released from DC Bead covered more area, and higher concentration of drug was 348 

measured as shown in yellow and orange colour.  A conversion of the intensity into 349 

concentration and fitted curves are shown in Fig. 3G-H, and the fitted diffusivity and 350 

Dox concentration at interface are listed in Table 1.   Comparing the penetration front 351 

of drug release indicated that the Dox diffused much further in DC Bead sample, 352 

almost more than 1000 µm more than LUMI sample at 150 min.  353 

 354 

Table 1.  Fitted diffusivity in hydrogel and Dox concentration at interface of bead 355 
packed vessel * 356 

Sample entries Sampling time 
range (min) 

Diffusivity 
(cm2 s-1) 

Dox conc. at interface 
(µM) 

DC Bead (sectioning) 10-120 4.58 ± 1.24 x 10-6 98.9 ± 22.9 

LUMI (sectioning) 10-120 4.31 ± 1.33 x 10-6 36.3 ± 3.7 

DC Bead (confocal) 30-150 1.33 ± 0.67 x 10-6 1184.8 ± 134.1 

LUMI (confocal) 30-150 6.07 ± 1.85 x 10-7 865.1 ± 105.7 

* The data were presented in average values ± standard deviation 357 

  358 
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 359 

 360 
 361 

 362 

(H) (G) 

DC Bead LUMI Bead 
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Figure 2. Fluorescence measurement of Dox release from DC Bead and LUMI in hydrogels 363 
composed of agarose (1.5%)-alginate (0.5%) obtained by manual sectioning gel samples.  364 
(A) Representative fluorescence image of Dox released at 10 min, (B) 60 min and (C) 120 365 
min from DC Bead. (D) Dox released at 10 min, (E) 60 min and (F) 120 min from LUMI. The 366 
brightness of the images was increased by 30% for visual guidance only. (G) Concentration 367 
distribution of Dox vs. distance from vessel centre calculated from measurement (A)-(C) of 368 
DC Bead based on original images. Solid lines are fitted from equation (1) where k = 0. (H) 369 
Concentration distribution of Dox calculated from measurement (D)-(F) of LUMI based on 370 
original images. Solid lines are fitting data. Scale bar is 1000 µm.  371 

 372 

 373 

 374 
 375 

 376 
 377 
 378 

 379 

 380 

 381 

 382 

 383 

 384 

(A) (D) 

(B) 

(C) 

(E) 

(F) 

DC Bead LUMI Bead 

(G) (H) 



13 
 

Figure 3.  Confocal fluorescence measurements of Dox release from DC Bead and LUMI in 385 
hydrogels composed of agarose (1.5%)-alginate (0.5%).  (A) Representative fluorescence 386 
image of Dox released at 30 min, (B) 90 min and (C) 150 min from DC Bead. (D) Dox 387 
released at 30 min, (E) 90 min and (F) 150 min from LUMI.  (G) Concentration distribution of 388 
Dox vs. distance from vessel centre calculated from measurement (A)-(C) of DC Bead. Solid 389 
lines are fitting data based on equation (1) where k = 0. (H) Concentration distribution of Dox 390 
calculated from measurement (D)-(F) of LUMI. Solid lines are fitting data. Scale bar is 500 391 
µm.  392 

 393 
Several characteristics were observed with both methods: 1). The drug concentration 394 

at boundary of DC Bead was higher than that for LUMI, which is consistent with the 395 

fact that DC Bead elutes faster when compared to LUMI [6];  2). The drug 396 

concentration at the boundaries showed almost no change over the 2 hr test period.  397 

The second point suggests that the drug release from both DC Bead and LUMI 398 

maintained a steady state for at least 2 hrs under the embolized static condition.  399 

 400 
 401 

3.2 Drug release measured by confocal and sectioning methods  402 

 403 
By assuming uniform drug release from a packed channel with unit length into the 404 

surrounding hydrogel, the total released dose can be calculated by numerical 405 

integration (Fig. 4).  The cumulative drug release from confocal measurement was ~ 406 

10 times higher than that from the sectioning method in which the DC Bead released 407 

5.7 µg of drug and LUMI 2.1 µg in 2 hrs. The much higher release in the confocal 408 

test could be attributed to the procedure of sample preparation, as mentioned above. 409 

According to Eq 6., the fitted parameter M∞ a is 0.230 for DC Bead (confocal 410 

method), 0.095 for LUMI (confocal method), 0.046 for DC Bead (sectioning method) 411 

and 0.017 for LUMI (sectioning method), respectively.  The correlation coefficients of 412 

power law fitting with the experimental results were in the range of R2 = 0.90-0.99 413 

(Table 2), which suggest the release of drug from a vessel packed with beads 414 

followed the trend of power law, without considering elimination effects.  A previous 415 

study of Dox release from DC Bead (500-700 µm) utilising a custom elution device 416 

also fitted using a similar equation, in which b was fixed to 0.5 [7, 29]. A Level-A 417 

correlation between experiment and in vivo results was obtained in this previous 418 

study, demonstrating the capabilities of the system to predict release in vivo.   419 

 420 
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 421 
 422 

 423 
 424 
Figure 4. Dox elution in µg per unit length of vessel based on concentration distribution. (A) 425 
confocal fluorescence measurement. (B) fluorescence microscope measurement of 426 
sectioned samples. Although the dotted and dashed line were presented as fitted results by 427 
power law based on the short period release, it should be treated as indication only in terms 428 
of predicting elution trend in long term scale. (Error bars are SD, n=3)    429 

 430 

Table 2.  Parameters for power law fitting of drug release from bead packed vessel 431 

Sample entries Bead size 
range* 
(µm) 

Dox dose in 
packed vessel** 

(mg) 

M∞ a 
(mg·min-1) 

a 
(min-1) 

Correlation 
coefficient 

DC Bead (confocal) 87 ± 13 2.18 0.230 0.106 0.982 

LUMI (confocal) 107 ± 17 0.75 0.090 0.120 0.905 

DC Bead (sectioning) 87 ± 13 2.18 0.042 0.019 0.994 

LUMI (sectioning) 107 ± 17 0.75 0.017 0.022 0.983 

(A) 

(B) 

Confocal measurement 

Fluorescence microscope 
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* The data were presented in average size ± standard deviation 432 
** Average bead diameter was used for total bead volume calculation.  Value 0.74 was 433 

used as bead packing factor. 434 
 435 
 436 

3.3 Comparison between in vitro - in vivo drug distribution 437 
 438 
It is of interest to compare the in vitro Dox distribution to in vivo data in order to 439 

better understand drug distribution and metabolism in tissue.  Previous data from an 440 

in vivo study [10] were first compared with the current in vitro data (see Fig. S6).  441 

Photographs of bead-packed channels are included to show the halo effect of Dox 442 

distribution in both media.  The drug distribution profile in the in vitro model extends 443 

over a greater distance (>2 mm) and indicates higher drug concentrations than in the 444 

in vivo data.  Using Eq. 5 to estimate the in vivo drug concentration, indicated no 445 

more than 0.0026 mg/mL of drug around the channel, which is about 100 times lower 446 

than the drug in in vitro case (~0.25 mg/mL).  It is noted that the size of the two 447 

channels were not the same, in vivo the diameter was ~500 µm, and in vitro it was 448 

1600 µm, which means the in vitro volume of beads was ~10 times higher than that 449 

in vivo if the same length of channel was used for calculation. This cannot therefore 450 

explain the large difference between the two profiles, and hence the metabolism of 451 

Dox in tissue must have contributed to the lower drug concentration observed in 452 

vivo.   453 

 454 

To further examine the effect of elimination on the concentration distribution of Dox 455 

around blood vessel, the Dox diffusion model (Eq. 1) was used to analyse the in vivo 456 

data [10], where k≠0.  The fitted data with elimination effect and calculated data 457 

without considering elimination were both presented with in vivo data together in Fig. 458 

5.   Compared to the in vitro data (Fig. 2 and 3), the penetration distance of Dox in 459 

tissue was much shorter due to the cellular uptake and metabolism of the drug [30].  460 

The estimated diffusivities D were in the range of 0.6 x 10-7 to 3.7 x 10-7 cm2 s-1 461 

within 24 hr period.  A fixed elimination coefficient [31] of k = 9.6 x 10-4 s-1 was used 462 

in the calculation (see Table S5 in Supplementary Information) to avoid a strong 463 

correlation between diffusivity and elimination coefficient, which was observed during 464 

data fitting.  The fitted diffusivities are close to the literature in vivo data  (5.8 x 10-7 to 465 

8.2 x 10-7 cm2 s-1) [31].   466 

 467 

Based on the estimation above, a hypothesized profile of Dox diffusion without 468 

considering elimination effect could be constructed under the assumption that the 469 

diffusivities were maintained the same (dotted lines in Fig. 5). The amount of the 470 

drug eliminated could be calculated, which was assumed equivalent to the difference 471 

between the integration of solid line and dotted line.  Subsequently the cumulative 472 

drug elution was obtained by removing the residual drug not consumed from the 473 

beginning in each distribution profile (the insert in Fig. 5D).  It was observed that 474 

after 8 hr the Dox release reached a plateau with only a slight increase.  The 475 

calculated result is consistent with the images showed in Fig. E2 in the literature [10] 476 
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where the beads had almost released all the payload at 24 hr.  Based on the data 477 

points, the dose released to the surrounding tissue is preliminarily estimated no less 478 

than 7.2 mg/mL at 8 hr and 7.4 mg/mL beads at 24 hr, which are about 1/5 of the 479 

drug loading (37.5 mg/mL beads). 480 

 481 
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 490 

 491 

Figure 5. Fitting results (solid lines) of in vivo fluorescence data of Dox concentration 492 
distribution at (A) 30 min, (B) 60 min, (C) 480 min and (D) 1440 min, by using equation (1).  493 
The dashed lines are the calculation of Dox concentration without elimination effect 494 
considered.  The insert in Figure (D) is the accumulation of released drug calculated from 495 
the concentration distribution at different time point.  Diffusivity was fitted with the boundary 496 
Dox concentration taking from the values estimated from the largest concentration in in vivo 497 
data and a fixed elimination coefficient value k=9.6 x 10-4 s-1 was used.  498 

 499 
 500 
3.4 Discussion 501 
 502 
When comparing the two techniques, the direct sectioning method is relatively 503 

simple to set up with low cost, the measured Dox diffusivities are consistent with the 504 

(A) 

(B) 

(C) 

(D) 
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values reported in in vivo studies and the literature [30, 31], and it provides direct 505 

information of Dox distribution with minimal impact of gel transparency at least in 506 

relatively thin samples. Its main limitations are the necessity for sample destruction 507 

during sectioning, and the fact that measurement accuracy can be affected by gel 508 

deformation during sectioning, e.g. inaccurate  sectioning leading to non-uniform gel 509 

thickness, and Dox contamination on the gel surface from the blade smearing across 510 

the drug-containing lumen. The confocal fluorescence microscopy technique 511 

provides non-destructive measurements of Dox diffusion in situ in both radial and 512 

axial directions simultaneously. Similar methods have been applied to the analysis of 513 

drug distribution in tumour tissue, extracellular matrix and interstitial spaces [10, 32, 514 

33]. When compared to direct sectioning method, key advantages of the method are 515 

its efficiency and high imaging rate that is particularly important in recording cases of 516 

fast drug diffusion. Another point is its convenience in measuring 3-dimensional drug 517 

distribution in the gel phase without laborious manual sectioning.  The confocal 518 

method has also indicated higher accuracy when comparing diffusivities to historical 519 

in vivo data in terms of quantification and prediction due potentially to its inherently 520 

higher imaging accuracy and resolution.  Limitations include the need for optical 521 

transparency to achieve good signal to noise rations, as the method requires optical 522 

imaging through the hydrogel thickness. This places a restriction on the path length 523 

for measurement (which equates to gel thickness) and on gel formulations that allow 524 

transmission of the light. The sectioning method on the other hand, measures drug 525 

distribution along the sectioned surface and thus has no such restrictions.  The 526 

confocal method also requires bespoke software and system calibration, which also 527 

comes at greater expense and reduced accessibility. 528 

In terms of inherent method differences, fluorescence microscopy floods the entire 529 

specimen in light and all parts of the specimen in the optical path are excited at the 530 

same time, the detected fluorescence therefore including a large unfocused 531 

background contribution. This means the signal could be sufficiently high to undergo 532 

fluorescence quenching, reducing the measured signal and producing an artificially 533 

low measurement for the sectioning method at the point of high drug concentration at 534 

the boundary.  In contrast, the confocal method uses point illumination and a pinhole 535 

in an optically conjugate plane in front of the detector to eliminate out-of-focus signal. 536 

This means the image’s optical resolution, particularly in the sample depth direction, 537 

is much better than that of wide-field microscopes giving a truer representation of the 538 

higher drug concentration at the boundary. The region of lower concentration values 539 

observed using the sectioning method close to the boundary is about 200-300 µm 540 

thick, which might be therefore be attributed to a non-uniform boundary effect and/or 541 

fluorescence quenching.   542 

The results from the confocal fluorescence measurements were qualitatively very 543 

similar to those described above for the sectioning method. Dox penetration in a 544 

hydrogel composed of agarose (1.5%)-alginate (0.5%) showed that the distribution 545 

area of Dox from DC Bead was larger than that of LUMI at equivalent time points 546 
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(Fig. 3A-F).  The total fluorescence measurement also confirms that DC Bead 547 

releases Dox faster than LUMI. The fluorescence intensities in the middle range 548 

were converted into concentration values.  The concentration profiles derived from 549 

the confocal images indicated that at 150 min the penetration of Dox into the 550 

agarose-alginate gel was approximately 4000 μm from the DC Bead packed 551 

channels, and 3000 μm in models with LUMI (Fig. 3 G-H and compared with Fig. 2 552 

G-H).  The drug concentration of DC Bead read from the interface between beads 553 

and gel is about 1000 μM, compared to the value of 700 μM.  This is consistent with 554 

the fact that DC Bead elutes Dox faster than an equivalent size range of LUMI, and 555 

the same effect was confirmed using either technique [6, 34].   556 

When looking at the results from the different bead types using both methods, it can 557 

be seen that the rate of Dox release from DC Bead is faster than that from LUMI in 558 

these in vitro systems, which is due to the less dense hydrogel structure of DC Bead 559 

compared to the more compact and iodine-containing LUMI. Unloaded DC Bead 560 

contains about 95% water and about 5% PVA and poly(acrylamido-2-561 

methylpropanesulfonate, AMPS) network [7, 35].  In contrast LUMI contains about 562 

45% polymer network comprising of PVA, polyAMPS and iodine moieties (the latter 563 

providing the radiopacity) [34]. Introducing hydrophobic iodinated moieties into beads 564 

generates further hydrophobic-hydrophobic interaction and formation of a physically 565 

tighter structure.  The more compact structure significantly retards the diffusion of 566 

ions inside the gel and limits the ion exchange process, which leads to slow drug 567 

elution from beads into gel.  The diameter of DC Bead also decreases in size after 568 

loading with Dox because of drug-drug interaction through the π-π stacking of 569 

anthracycline ring of Dox and expulsion of water from the gel matrix [5, 7, 35, 36]. 570 

Water content, however, is still relatively high and the interstitial spaces between 571 

polymer chains remains large enough that Dox diffusion from the matrix is relatively 572 

unimpeded. A lower boundary drug concentration was observed in the case of LUMI 573 

therefore, as measured by both techniques, confirming the elution results obtained 574 

using conventional drug dissolution methods [5, 6] and the above theory of existing 575 

hydrophobic interactions.  576 

When considering the treatment of liver tumours using DEBs, in addition to the 577 

physicochemical characteristics of the drug loaded in the beads, other factors such 578 

as vascular density, permeability, and the extent and density of the extracellular 579 

matrix, have direct impact on the efficacy of treatment [8, 30].  An effective phantom 580 

system is required to not only mimic appropriate properties of tumour extravascular 581 

tissue, but also needs to meet certain minimum performance criteria for the support 582 

of quality assurance and future regulatory approval [37].  Materials frequently used in 583 

polymeric phantoms include, for instance, agarose, polyacrylamide, PVA and gelatin. 584 

A match of biomechanical properties of tumour tissue with mimicking gel in studies 585 

would provide useful information for understanding drug diffusion and distribution in 586 

cancer treatment.  The stiffness of the extracellular matrix is a key characteristic of 587 

tumor microenvironment which are composed of collagen type I [38].  The density of 588 
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ECM in tumor increases when new ECM secretion and upregulation of cross-linkers 589 

and cancer cells.   It has been demonstrated that 3D matrices with a Young’s 590 

modulus of 400 Pa significantly increase the size of colonies compared to matrices 591 

with Young’s modulus of 169-170 Pa [39].  In another study, it showed that the 592 

storage modulus of representative 4T1 mouse model of mammary carcinoma and 593 

SW480 subcutaneous model of colorectal cancer are 3169 ± 377 Pa and 3092 ± 274 594 

Pa, respectively, compared to normal tissue 161.9 ± 20.4 Pa and SW480 cell line 595 

1625 ± 149.7 Pa, respectively [40].  Agarose gel is composed of fibrillar networks 596 

formed by bundles of single- and double-helices, and at 20 oC, a typical storage 597 

modulus of 1.0% of agarose gel were reported around 2000 Pa [41] to 10000 Pa 598 

[42], depending on the source and conditions of preparation.  It has been used as 599 

phantoms to mimic liver tumor for elasticity and chogenicity analysis [43].   600 

 601 

A combination of alginate and agarose gel (1.5%) was used to provide suitable 602 

mechanical stiffness and potential binding sites for Dox with the gel, to better mimic 603 

drug interactions with tissue, although typical tissue contains 77% water and the 604 

agarose gel contains 98% water. Despite a relatively weak interaction between Dox 605 

and alginate [18, 44], the current result from the measurement by both techniques 606 

suggested that the selected alginate: agarose formulation was useful as a tissue 607 

mimicking hydrogel.  Different alginate concentration from 0%, 0.5% to 1.0% were 608 

tested to explore the interaction between Dox and hydrogel components. The drug 609 

diffusion profiles showed no significant difference (Section S3), indicating that the 610 

selected concentrations of alginate were not high enough to affect Dox diffusion 611 

behaviour. The diffusivities of Dox obtained from the tissue-mimicking alginate-612 

agarose hydrogel in the range between 6.07 x 10-7 to 1.33 x 10-6 cm2 s-1 (Table 1) 613 

were slightly higher than in vivo values (0.6 x 10-7 to 3.7 x 10-7 cm2 s-1 [Section 3.3] 614 

and 5.8 x 10-7 to 8.2 x 10-7 cm2 s-1 [31]) which suggests a further tuning of gel 615 

composition may needed to decrease Dox diffusivities for matching the in vivo data. 616 

From methodology point, the results suggest that both the in vitro confocal 617 

microscopy method and gel formulation provided a promising test method to 618 

measure the correlation between in vitro and in vivo drug release properties of DEB 619 

especially in a microscopic level.  One drawback that remains however, is that it is 620 

not obvious as to how to physically include a drug elimination process akin to that 621 

which occurs within the tissue, other than modelling the process and extrapolating 622 

the data to include an elimination factor as we have done here.  Additional 623 

mechanisms to eliminate the drug by either extra physical diffusion/convection, 624 

chemical binding or biological metabolism could be included in future study.  625 

 626 

During the process of Dox release and diffusion into the hydrogel phase, there are 627 

several processes of equilibrium involved. Dox is initially bound to the bead via ionic 628 

interaction between positively charged drug and the negatively charged sulfonate 629 

groups on the bead structure. In addition to this, the self-association of Dox 630 

molecules occurs when in close proximity to one another within the bead structure. 631 
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This may lead to the formation of larger aggregate structures from dimers, trimers, 632 

multimers to fibres [36].  Once drug is displaced from the bead structure by 633 

competitive ion displacement, the drug diffuses through the matrix and into the 634 

hydrogel mimic where there is a binding equilibrium between Dox and carboxylic 635 

acid groups on alginate.  636 

Fig. 5 shows a direct comparison between in vitro and in vivo data, with the Dox 637 

elution from DC Bead in vitro (phantom gel sectioning method) and in vivo (data 638 

extracted from a published study of embolised tissue, no radiopaque LUMI product 639 

was available for in vivo analysis as this was prior to development and launch), 640 

which suggests that the drug release from a large vessel packed with DEBs is slower 641 

compared to the beads packed in a small size vessel.  This is consistent with the fact 642 

that the equivalent volumes of beads within multiple small vessels versus one large 643 

vessel, will possess a larger surface area, with more beads contacting the lumen 644 

wall, leading to a faster release of drug. This is somewhat akin to the use of the 645 

classic USP II dissolution method to mimic release from multiple small vessels, as 646 

drug is extracted from the beads by suspension in a large volume of eluent. Recently 647 

additional custom elution devices have been described that better mimic the unique 648 

flow mechanics, diffusion and convection process experienced during embolic 649 

occlusion in larger vessels [5-7].  However, these flow models fail to capture the 650 

critical contact diffusion characteristics as investigated in the current investigation.  651 

Either the physical sectioning, or confocal methods described herein have the 652 

distinct advantage of allowing the flexibility of selecting vessel lumen size to be 653 

studied. Vessel size is a one of the main factors to consider in the design of DEBs, 654 

and smaller size beads have been demonstrated to penetrate deeper into tumour 655 

vessels and cause more tissue necrosis [9].  Clinical benefits of smaller size beads 656 

have been demonstrated in human trials [2, 8].  Here we only evaluated release from 657 

beads of size 70-150 µm but studies could be extended to evaluate the effect of 658 

bead size on drug elution phenomena in tissue mimicking phantoms. Moreover, 659 

although in this study we restricted the phantom composition to one formulation of 660 

alginate: agarose, further studies could investigate the impact of composition, or 661 

indeed the effect of different gel-forming materials, on drug release kinetics.  662 

 663 

4. Conclusions 664 

In this study two novel methods were used to monitor drug elution in a hydrogel 665 

tissue-mimic. The results demonstrated qualitatively comparable trends to historical 666 

in vivo data. There was an approximately one order of magnitude difference in the 667 

measured Dox distribution measured between the physical sectioning and real-time 668 

confocal methods. This and other discrepancies observed in boundary drug 669 

concentration and diffusion distance were attributed to differences in sample 670 

preparation and quenching effects between the two methods.  671 
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The observed elution rate variations between different bead types illustrate the 672 

sensitivity of both methods for tissue distribution determination and demonstrates 673 

their utility for enabling the design and optimisation of DEB systems. The confocal 674 

method offers higher efficiency and temporal resolution at the cost of flexibility and 675 

expense; whilst physical sectioning provides a more painstaking baseline method for 676 

predictive modelling. A future combined approach as part of further method and gel 677 

material validation will surely yield the most effective method of predictive drug 678 

release profiling in vitro whilst removing the need for further costly, laborious and un-679 

ethical animal models.  680 
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