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Abstract DC BeadTM is a sulfonate-modified, PVA-

based microspherical embolisation agent approved for the

treatment of hypervascular tumours and arterio-venous

malformations. The beads have previously been shown to

actively sequester oppositely charged drugs, such as

doxorubicin hydrochloride (dox) by an ion-exchange

mechanism. In order to characterise the release kinetics and

predict the in vivo behaviour of drug eluting beads (DEB),

two elution methods were utilised. The first, an application

of the USP dissolution method Type II - Apparatus, enables

study of the complete elution of loaded DC Bead in less

than 4 h, allowing relatively rapid comparison to be made

between different products and formulations. Release data

obtained using this method were fitted to first order kinetics

(R2 > 0.998) and the elution constants shown to increase

with the total surface area of the beads exposed to the

elution medium. Diffusion coefficients were calculated

adopting the Fickian diffusion model, which predicted slow

elution rates under physiological conditions. The second

method involved the use of a T-Apparatus where the drug

experiences an element of diffusion through a static envi-

ronment. This method was developed to resemble the in -

vivo situation in embolisation procedures more closely.

Slow release of dox from DC Bead with half-lives over

1,500 h were predicted for all size ranges using a slow

release model. A strong linear relationship was found be-

tween the release data from T-Apparatus and pharmaco-

kinetic data obtained from patients treated with DC Bead

loaded with dox in transarterial chemoembolisation

(TACE) procedures. These data indicated a Level A

in vitro–in vivo correlation (IVIVC) for the first 24 h post

embolisation. Both systems developed were automated and

good reproducibility was obtained for all samples, dem-

onstrating the usefulness of these elution techniques for

product development and comparative testing.

Introduction

Previously we have described a microspherical embolisa-

tion device, DC BeadTM, that has been approved for the

treatment of hypervascular tumours and arterio-venous

malformations [1, 2]. This system comprises a poly-(vinyl

alcohol) (PVA) polymer hydrogel that has been modified

by the addition of a sulfonic acid-containing component,

and is formulated by inverse suspension polymerisation

into beads ranging in size from 100 to 900 lm. The DC

Bead has been shown to actively sequester oppositely

charged drugs, such as doxorubicin hydrochloride (dox), by

an ion-exchange mechanism making them suitable for drug

delivery applications such as treatment of solid tumours

(e.g. hepatocellular carcinoma (HCC)).

In traditional cancer chemotherapy the efficacy of anti-

cancer drugs is limited by the low drug concentrations

achieved in tumours, the non-specific toxicity of chemo-

therapeutic agents, and the development of drug resistance

[3]. Local delivery of a chemotherapeutic agent increases

the specific targeting of the drug at the tumour site. Fur-

thermore, when a high dose is incorporated into a carrier
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such as drug eluting beads (DEB) and injected directly into

the tumour site, the exposure time of the tumour to the drug

increases, as the DEB can act as a reservoir for sustained

drug release. This provides high local concentrations of the

drug for an extended period of time, which is associated

with improved treatment efficacy and might overcome drug

resistance mechanisms [4, 5]. In addition, reducing sys-

temic levels of the toxic drug could also minimise the

undesirable side effects caused by toxicity to normal tissue.

In this paper we describe methods for evaluating drug

elution kinetics of DEB. The first method uses a dissolution

tester Type 2 - Apparatus, as described in the US Phar-

macopeia [6]. This technique allows the characterisation of

the release kinetics of DEBs under accelerated conditions

and provides a means to set specifications for different

products. This is useful in product development and quality

assurance. The ultimate purpose of an in vitro model

however, is to predict in vivo behaviour. Although some

models have been suggested [7, 8], there are at present no

recognised in vitro release tests for drug delivery systems

designed for embolisation [9]. It would, therefore, be

beneficial to develop an in vitro system that more closely

resembles the in vivo situation, so that release of the drug

from the bead can be better modelled. This relationship is

normally known as the in vitro–in vivo correlation

(IVIVC) and we describe here the use of a method that

employs a diffusion T-Apparatus that can be used for this

purpose.

The DC Bead system loaded with dox has been evalu-

ated in clinical studies in Europe and Asia (PRECISION

clinical trials) [10]. These Phase I/II clinical studies were

carried out to evaluate the safety, pharmacokinetic (PK)

profile and efficacy of DC Bead in the treatment of HCC by

transarterial chemoembolisation (TACE) [11]. Half of the

patients in the trial participated in a dose escalation phase,

which was well tolerated up to the maximum dose of

150 mg per treatment. The remaining patients were treated

with the maximum dose and all patients received two

treatments over a 3 months period. A number of the pa-

tients participated in a PK study, which showed that the

level of dox in plasma after treatment with DEB was very

low compared to historical data [12]. It was these data that

were used in this study to correlate with the data obtained

from the T-Apparatus method.

Experimental

Materials

DC Bead embolisation microspheres (Biocompatibles UK

Ltd, Farnham, UK) were supplied in sterile vials as 2 mL

hydrated bead volume, suspended in sodium phosphate

solution. Doxorubicin hydrochloride (Dabur Oncology,

UK) was obtained as a red powder (>99% purity) and

dissolved in pure water to the desired concentrations.

Doxorubicin loading into beads

A measured volume of beads was immersed into a drug

solution of the desired concentration. In order to avoid

competition arising from ion-exchange effects the sodium

phosphate solution was removed from the beads using a

syringe fitted with a 20G filter needle (B. Braun Medical,

UK) just prior to addition of the drug solution. Residual

drug remaining in the depleted loading solution was

determined by measuring the absorbance at 483 nm using a

Perkin Elmer Lambda 25 UV–visible spectrophotometer

and a standard curve constructed from solutions of known

concentration of drug. Detailed study on dox loading and

distribution into the beads has been reported elsewhere

[1, 2].

Elution of doxorubicin (Free-flowing model)

DC Bead loaded with dox was eluted into 250 mL of media

(e.g. water, plasma, different salt solutions) at room tem-

perature (RT) on a roller mixer. In all cases, 1 mL of hy-

drated DC Bead was loaded with 25 mg of dox just prior to

elution. The UV absorbance of the dox solution was

measured at 483 nm and concentrations were calculated

from a standard curve in the corresponding media. The

stability of the drug was assessed following the USP HPLC

method for doxorubicin. HPLC analyses of the solutions

were performed after loading and elution of dox from DC

Bead and compared to standard dox controls.

Elution of doxorubicin using the USP

Type 2 - Dissolution apparatus

DC Bead loaded with dox were eluted at 25 �C and

quantified using a USP Type 2 - Dissolution Apparatus and

a Perkin Elmer UV spectrophotometer. The UV absorbance

of the dox solution was measured at 483 nm and concen-

trations calculated against a standard curve. All different

commercial size ranges of DC Bead (100–300, 300–500,

500–700 and 700–900 lm) were loaded with dox (1 mL of

hydrated DC Bead loaded at 37.5 mg/mL, n = 3) and

eluted into 900 mL of medium. The dissolution media used

was 30:70 water (HPLC grade): ethanol (SA grade) with

20% (w/v) potassium chloride (Aldrich). The release

solution was continually sampled from the dissolution

vessel to the UV spectrophotometer by peristaltic pump

(Watson–Marlow) at a flow rate of 50 mL/min.
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Calculation of diffusion coefficient

The elution data obtained using the USP Type 2 - Disso-

lution Apparatus were used to calculate the diffusion

coefficients (D) for DC Bead. Values of D were calculated

using the Fickian diffusion model, following two mathe-

matical approximations, described by Richards [13] when

the fraction eluted (F) is >0.6 and Chretien [9] when the

fraction eluted (F) is <0.85.

In summary, for F > 0.6, the values of Mt/M¥ at each

time point were calculated for all three sizes. These data

were fitted to Eq. 1:

F ¼ 1� 6=p exp ð�BtÞ; ð1Þ

and the values for the constant (B) were calculated. Once

the constant B was calculated, the diffusion coefficient (D)

was obtained using Eq. 2:

B ¼ p2D=r2 ð2Þ

where D is the diffusion coefficient and r is the average

radius of the particle.

For F < 0.85, Bt was calculated for each size range for

each point using Eq. 3:

Bt ¼ 2p� p2F=3� 2p 1� pF=3ð Þð Þ1=2 ð3Þ

and their values plotted versus time (t). The value of the

slope is defined as B. Once the value of the slope was

calculated for each size range, the value of D was calcu-

lated using Eq. 2.

Elution of dox using the T-Apparatus

As a second method, DC Bead loaded with dox were eluted

into 200 mL of phosphate buffer solution (PBS) (Inver-

clyde Biologicals), pH 7.4 for 24 h at 37 �C and quantified

using a T-Apparatus [1] connected to a Perkin Elmer UV

spectrophotometer. The UV absorbance of the dox was

measured at 483 m concentrations of dox in solution cal-

culated using a standard curve. Elution of 500–700 lm DC

Bead loaded with dox at different doses (6.25, 12.5, 18.75,

25 and 37.5 mg/mL of beads, (n = 3, in all cases) was

performed. Additionally, elution profiles of different

commercially available size ranges of DC Bead (100–300,

300–500, 500–700 and 700–900 lm (n = 3, in all cases))

loaded with dox at 37.5 mg/mL of hydrated DC Bead were

obtained. The dox eluted was continually sampled from the

dissolution vessel to the UV machine by peristaltic pump

(Watson–Marlow) at a flow rate of 50 mL/min.

The release data obtained from this method were fitted

to various kinetic models and found to be best represented

by a slow release model (m0 – m = kt1/2), which was used

to calculate the half-life for dox release. In this model, m0

is the drug loading in beads, m is the drug left within beads

after time t, k is a constant which is relevant to initial drug

concentration in beads, diffusion coefficient and drug sol-

ubility [14]; from the data the constant and correlation

coefficient were calculated for each sample. The value of k

is an average due to the packing of beads in the elution cell.

In vivo drug release from DC Bead loaded with dox

human study

Dox loaded beads were administrated via a catheter during

TACE treatment of 15 patients with hepatocellular carci-

noma. This PK study was part of a phase I/II clinical trial

(PRECISION clinical trial) conducted in the Queen Mary’s

Hospital, Hong Kong, under the direction of Dr. Ronnie

Poon. The patient’s demographics showed a mean age of

64 ± 10 years, a mean body weight of 64.4 ± 7.3 kg and

with a mean body height of 166 ± 6 cm. Patients received

dox loaded beads (size range = 500–700 lm) in a dose

escalation study, using doses of 6.25, 12.5, 18.75, 25 and

37.5 mg/mL of hydrated beads (n = 3, in each case). At

predetermined time points following chemoembolisation,

blood samples were collected from the patients. Samples

were stored at –70 �C prior to analysis. The measurement

of plasma concentrations of dox used an HPLC method

previously validated for use at CentraLabS Clinical Re-

search. The analytical procedures followed were based

upon the Guidance for Industry on Bioanalytical Valida-

tion, FDA (May 2001). The study was performed in

accordance with the guidelines of the Declaration of Hel-

sinki and under an approved protocol from the ethics

committee of Queen Mary’s Hospital, Hong Kong.

Results

Elution of DC Bead loaded with dox (Free-flowing

model)

HPLC analysis of the released dox showed a single primary

peak with a similar retention time for that of pure drug that

has not been loaded into the beads. No additional peaks

were detected in the eluted samples when compared to the

control, suggesting that there is no detrimental effect on

dox during loading and release from DC Bead. It has been

previously reported than ion-exchange based loading

processes do not affect the chemical structure of the drugs

[15, 16].

The release profiles of dox loaded DC Bead (25 mg/mL

of hydrated beads) show that the drug was not released into
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water, but it was slowly released in PBS and plasma. Re-

lease rate was media dependent with the amount of drug

eluted in plasma in 1 h being more than twice that eluted in

PBS (Fig. 1A). Figure 1B shows that dox is initially re-

leased until a plateau is reached. No further drug is released

until the medium is replaced with fresh solution.

Elution in different ionic strength solutions

The dox loaded DC Bead (900–1,200 lm size range) were

eluted in 250 mL of different NaCl aqueous solution (0%,

0.45%, 0.9%, 4.5% and 9% w/v) at room temperature (RT).

Figure 2A shows a direct relationship between ion con-

centration and elution rate of dox from the beads. This

elution model, where the total volume of elution is limited

to 250 mL, has the limitation that the elution rate is affected

by the solubility of dox into each medium. At low salt

concentrations (0.45% and 0.9% w/v) only a small amount

of drug is eluted from the beads and the amount of dox

solubilized has less effect on the elution rate. Conversely,

for the samples eluted at high salt concentration, the elution

rate is influenced by the amount of drug solubilized in each

media. Both effects can be observed by plotting the amount

of drug eluted against the salt concentration at each time

point. Figure 2B and C show attempts to linearly correlate

the salt concentration and the amount of drug eluted at each

time point. For low salt concentrations (0–0.9% w/v),

R2 = 0.992, 0.988 and 0.979 at times 1, 5 and 24 h,

respectively, demonstrating a fair fit to linear relationship.

This relationship however, is not maintained when the

elution data from the media with higher salt concentration

are included in the plot (0–9% w/v).

Doxorubicin elution using the USP

Type 2 - Dissolution Apparatus

The elution model described in Sect. ‘Elution in different

ionic strength solutions’ has several limitations and only a

small amount of drug is eluted from the beads. In order to

characterize the elution kinetics more fully and allow
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Fig. 1 (A) Elution profile of 1 ml of dox loaded DC Bead (25 mg/

mL) into 50 mL of plasma, PBS and water. (B) Elution profiles of

1 mL dox loaded beads over 9 days into PBS and water at RT. The

medium was replaced for fresh when equilibrium was reached
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Fig. 2 (A) Elution of 900–1,200 lm dox loaded DC Bead into

250 mL of different [NaCl] solutions. (B) Amount of Dox eluted from

DC Bead versus [NaCl] at different time points for low salt

concentrations. (C) Amount of Dox eluted from DC Bead versus

[NaCl] at different time points for low and high [NaCl]
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evaluation between different products, a new method was

developed using the USP Type 2 - Dissolution Apparatus.

A number of different elution media were evaluated and a

30:70 potassium chloride (20% w/v):ethanol mixture was

found to be the most suitable. This solution was chosen

because it was able to elute all of the dox from the DEB in

less than 4 h for all size ranges with no detrimental effect

on the drug. This medium contains very high levels of salt

(excess), which keeps the [K+] constant during elution, to

minimise the effect of salt concentration on the elution rate.

The drug release profile obtained from the Dissolution

Apparatus was modelled to first order kinetics

(m0 � m = m0(1� e�kt)), where m0 is the drug loading in

beads, m is the drug left within beads after time t, k is a first

order constant. Correlation coefficients of R2 > 0.998 for

all size ranges demonstrates an excellent fit of the data to

first order kinetics for dox elution from all size ranges of

DC Bead. k values were calculated for each size range

(Fig. 3A). These values were plotted against the average

diameter of each size range (inset). The elution constant, k,

was shown to decrease as the diameter of the DC Bead

increases, demonstrating that the elution rate is inversely

proportional to bead size. Moreover, as the same volume of

loaded DC Bead was eluted in each case, the surface area

exposed to the elution medium is larger for the smaller

beads. Therefore, elution constant, k, was shown to in-

crease with the total surface area of DC Bead (Fig. 4).

Calculation of coefficient of diffusion

Using the elution data generated in Sect. ‘Doxorubicin

elution using the USP Type 2 - Dissolution Apparatus’

together with two mathematical approximation methods

from the Fickian diffusion model, the diffusion coefficient

of DC Bead (D) was calculated. Results for D using both

methods can be found in Table 1.

The values for D of different bead sizes, calculated by

both methods, were similar and overlapping indicating no

differences between different bead sizes. This outcome is

not unexpected, as D depends of the binding constants

between the drug and the beads and the medium in which it

is determined.

Elution studies using the T-Apparatus

To better simulate in vivo conditions, DC Bead loaded

with dox at different doses was eluted using the T-Appa-

ratus. The values obtained were fitted to a slow release

model (R2 > 0.994) (Fig. 5). After 24 h, 0.78, 0.93, 0.98,

1.32 and 1.48 mg of dox were eluted from the DC Bead

loaded at 6.25, 12.5, 18.75, 25 and 37.5 mg/mL of hydrated

beads, respectively.

In a second experiment, different sizes of DC Bead

loaded with dox at a single dose of 37.5 mg/mL of beads

were eluted using this method and their release profiles

were modelled to a slow release kinetic model

(R2 > 0.989). After 24 h, the amount of dox eluted from

100–300, 300–500, 500–700 and 700–900 lm DC Bead

beads was 1.78, 2.01, 1.32 and 1.72 mg, respectively.
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Fig. 4 Relation between total surface area of DC Bead and first order

kinetic constant.

Table 1 Values for the coefficient of diffusion of DC Bead loaded

with dox

DC Bead size

range (lm)

Diffusion coefficient

(cm2/s) (for Mt/M¥ > 0.6)

Diffusion coefficient

(cm2/s) (for Mt/

M¥ < 0.85)

100–300 2.2–5.8 · 10–8 3.0 · 10–8

300–500 6.3–9.4 · 10–8 8.4 · 10–8

500–700 4.5–7.3 · 10–8 6.0 · 10–8

700–900 3.3–6.1 · 10–8 3.8 · 10–8
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Using this model, the half-life (t1/2) of dox elution was

predicted for the different DC Bead size ranges and doses,

as shown in Table 2. As expected, the t1/2 increased as the

concentration of dox loaded in the beads increased. How-

ever, the t1/2 was small for the smaller bead size but did not

increase proportionally to the surface area of the beads.

In-vivo in-vitro correlation (IVIVC)

Level A IVIVC, which represents a point-to-point rela-

tionship between an in vitro method and an in vivo input

rate, was investigated. The amount of dox released from

DC Bead using the method in Sect. ‘Elution studies using

the T-Apparatus’ was correlated to the areas under the

curve (AUC) of 15 patients treated with DC Bead loaded

with dox in the PRECISION clinical study. The AUC were

calculated at the different time points, using the trapezoidal

method, and plotted against the release profiles of DC Bead

loaded with dox using the T-Apparatus (Fig. 6).

For all doses, a strong linear point-by-point correlation

(R2 ranged from 0.991 to 0.995) between in vitro and

in vivo model was obtained over a 24 h period, suggesting

that the elution in the T-Apparatus can be used to develop a

Level A IVIVC model and could also be useful for pre-

dicting initial in vivo release behaviour following a

chemoembolisation procedure.

Table 2 Values of slow release constant and half-life for different

size and different doses of DC Bead loaded with dox

Slow release

constant

(mg · h–1/2)

Correlation factor

or coefficient of

determination (R2)

Half life

(t1/2) (h)

Dose of 500–700 lm DC Bead loaded with dox (mg/mL)

6.25 0.15–0.17 0.999 381

12.50 0.17–0.20 0.997 1082

18.75 0.18–0.21 0.995 2197

25 0.26–0.28 0.995 2403

37.50 0.28–0.31 0.999 3658

Size of DC Bead loaded at 37.5 mg/mL

100–300 lm 0.29–0.43 0.983 1505

300–500 lm 0.34–0.42 0.998 2478

500–700 lm 0.28–0.31 0.999 3658

700–900 lm 0.35–0.41 0.999 2557
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Fig. 6 (A) Accumulative areas under the curve of plasmatic

concentrations of patients treated with DC Bead loaded with dox at

different doses. (B) Dox eluted from DC Bead using a T-Apparatus.

(C) IVIVC from accumulative areas under the curve of patients

treated with DC Bead loaded with dox at different doses and dox

eluted from DC Bead using a T-Apparatus
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Discussion

As discussed in our previous papers [1, 2], DC Bead are

PVA sulfonate-modified microspheres with a high loading

capacity (up to 40 mg of dox per mL of beads) and a high

loading efficiency for dox (>99 %). The high loading

efficiency reduces wastage of drug and the high loading

capacity make it possible to deliver a very high local dose

by use of a small quantities of beads.

The necessary presence of ions in any elution medium

suggests that an ion-exchange mechanism is the primary

factor controlling the release of the dox from the beads. A

suitable counter ion is required to release the bound drug.

In pure water there are no available ions, explaining the

absence of drug release. The main counter ion present in

PBS is Na+, whereas plasma has higher levels of sodium,

potassium and calcium salts [17] and explains why the

elution rate is faster in the latter.

The ion-exchange mechanism is also consistent with the

respective charges of the beads and the drug. DC Bead is

composed of PVA modified with sulfonate groups, which

are negatively charged, whereas the dox has a primary

amine that is protonated when the drug is in the form of the

hydrochloride salt producing a positive charge. Electro-

static interaction between the oppositely charged species is

the main mechanism of binding.

We observed that the ionic strength of the release

medium has a significant effect on the rate and extent of

dox release from DC Bead. The effect of salt concentration,

however, is less significant with very high concentration of

salt (9% NaCl). These data show the elution rate is not only

determined by the salt concentration but also by the max-

imum solubility of the drug in each medium. Refreshment

of release media is necessary to desaturate the solution and

promote further drug release. This effect of concentration

gradient as a driving force for diffusion has been previ-

ously reported for other authors [15, 18]. In our system, this

phenomenon plays a major role in the release kinetics of

the drug. In order to allow the characterisation of our

products and overcome limitations of the previous method,

more sophisticated elution models were necessary.

A modified elution model was therefore developed using

an ideal elution medium, (30:70) potassium chloride (20%

w/v):ethanol mixture. This model was based on the USP

dissolution method Type II-Apparatus. The volume and the

medium used in this method was selected to allow com-

plete elution of dox from DC Bead in less than 4 h for all

size ranges with no detriment to the drug.

In the ion-exchange processes, the rate controlling

mechanism can be determined by chemical exchange,

particle diffusion and film diffusion mechanisms. These are

sequential steps and the slowest of the three will be the rate

determining factor [19]. Depending on the concentration in

solution of the displacing ion, a clear distinction can be

made between a particle diffusion mechanism (exchange

rate independent of concentration in solution) and a film

diffusion or chemical mechanism (rate initially propor-

tional to solution concentration). Often the reaction rate at

the ion-exchange site is assumed to be faster than the rate

of solute diffusion. Thus, the reaction is considered to be

instantaneous [20]. Boyd et al. [21] investigated the

kinetics of ion-exchange and concluded that for very low

concentrations (<0.003 N) in solution, film diffusion is the

controlling mechanism, whist at higher concentrations

(>0.1 N) particle diffusion is rate controlling. They also

pointed out that the qualitative effect of variation of the

particle size is usually sufficient to confirm or eliminate a

chemically controlled rate process.

The USP Type-II Apparatus dissolution model used an

ionic solution at high concentration (>1.3 N), therefore it is

expected that the rate controlling mechanism be deter-

mined by particle diffusion or Fickian model.

The elution profile fitted to a first order kinetic model

perfectly for all size ranges. This was expected, as in this

model the elution rate for a selected bead size only depends

on the amount of drug remaining in them at each time. This

first order fitting confirms that the level of salt (excess) and

the amount of drug in the elution medium are not affecting

the elution rate and almost sink conditions are obtained.

The elution constants, k, were shown to increase as the

average diameter of the bead decreases, suggesting that the

elution rate is dependent upon the total surface area ex-

posed to the elution medium, being faster in the smaller

beads. This relatively fast elution method can be used to

determine the main product characteristics such as diffu-

sion coefficient (shown in Sect. ‘Calculation of coefficient

of diffusion’) making it possible to define parameters to set

specifications for commercial products or to enable com-

parison between different formulations (e.g. different drugs

or different types of beads). The diffusion coefficients

calculated for these DEBs in a medium with an excess of

ions were in the order of 10–8 cm2/s suggesting that the

interactions between the drug and the polymer are very

strong and the release in physiological media would be

very slow. A similar D was obtained for all bead sizes

indicating that the bead structure, interaction between

beads and dox and the cross linking in the beads are the

same for the different size beads.

DC Bead loaded with dox has been evaluated in Europe

as an embolic device for transarterial chemoembolisation

(TACE) procedures. Embolisation is a process that consists

of blocking the blood supply of the vessels feeding a tu-

mour or pathological area in order to starve this area of

blood and nutrients. To simulate these in vivo conditions

an elution model, known as the T-Apparatus has been

developed. This system was created taking into account the
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theory and methods previously described concerning elu-

tion methods for loaded embolisation beads [8]. When one

considers the consequences of an embolisation process, a

reduction of the blood flow to the embolised area is ex-

pected. The drug device combination will be located within

the target site and initially surrounded by a milieu of

thrombus and cells. Transport of the drugs from the beads

will be firstly driven by diffusion into adjacent tissues and

then eventually will be carried away from the area by

vessels distant to those at the embolised site. Hence, any

in vitro method developed to emulate this process should

control the hydrodynamic conditions such that the mass

transfer process is composed of both convection and dif-

fusion components [22].

Different sizes and doses of DC Bead loaded with dox

were eluted using this elution method and their profiles

shown to fit well to a slow release model, which describes

diffusion-based release of a drug dispersed within a solid

matrix [14]. The predicted half-life increased with both

dose and total surface area, but showed no obvious trend

with decrease of bead size. These data disagree with results

obtained using the USP-Type II Dissolution method, where

the elution rate was dependent upon the total surface area

of the beads. For the T-Apparatus this effect is minimised

as the elution is affected by other overruling factors. The T-

Apparatus model consists of a closed loop system with a

low flow rate and a low volume of elution medium to better

mimic the in vivo conditions. Therefore, the amount of

drug released is limited by both the solubility and the

amount of the drug circulating in the elution medium.

Using the T-Apparatus with PBS as elution medium,

incomplete dox release is expected as the medium has low

ionic strength (0.9% NaCl). This phenomenon has been

previously reported [7] and it can be attributed to the ten-

dency for dox to self-associate at higher loading level.

After the positive charge of dox is neutralized by the an-

ionic sulfonate groups in the polymer, drug molecules will

be held in close proximity to one another and can self-

associate by hydrophobic interactions and assemble by

stacking upon each other [23]. This drug–drug interaction

is greater than the purely ionic complexation with the

polymer sulfonate groups and demands extreme conditions

such as high ionic strength in order to affect release of the

drug from the polymer. Changes in the elution conditions

set up as temperature or flow rate are insufficient to affect

significant release [7].

The FDA guidance on IVIVC [24] provides general

methods for establishments of IVIVC for oral formulations.

However, there is very little information available on

development of appropriate in vitro methods for IVIVC for

non-oral forms. Although several authors [7, 25, 26] have

investigated the development of in vitro methods to cor-

relate with the drug release from non-oral formulations, no

standard procedure is approved. Here, we proposed a

T-Apparatus, as a method to enable emulation of the

in vivo conditions post-embolisation. Level A linear cor-

relations between the in vitro model and in vivo PK pro-

files were obtained for all doses of DC Bead loaded with

dox over a 24 h period, suggesting that elution of samples

in the T-Apparatus can be useful in the prediction of initial

in vivo release behaviour following chemoembolisation

procedures. Level A correlation is considered to be the

most informative and is thus recommended for regulatory

purposes.

This correlation was obtained using the PK data from

plasma concentrations of patients and it may allow pre-

diction of the initial levels of systemic dox that become

available post TACE and hence the degree of drug related

toxicity. It is generally accepted the lifetime limit of sys-

temic exposure to dox is in the region of 600 mg total due

to dose-limiting cardiac toxicity [27]. The PK study dem-

onstrated a 2-log reduction of systemic dox for loaded DC

Bead compared to conventional TACE and the IVIVC may

help to predict how a local dose could be administered

before systemic effects occur. Although it would be

desirable to correlate between our model and the amount of

drug released into tumour tissue, this measure is extremely

difficult to perform in humans due to practical and ethical

considerations of subjecting patients to more than one

procedure over various time points (TACE followed by

resection). The amount of dox released from DC Bead into

tumour tissue was measured in a complementary study

using a Vx-2 tumour rabbit model. The study confirmed

high levels drug in the tumour over the entire period of the

study (14 days) and associated widespread necrosis of the

tumour tissue [28].

Conclusions

The in vitro release mechanism and kinetics of DC Bead

loaded with dox have been determined, showing that ion-

exchange is the main mechanism affecting the release

kinetics of these systems. Two methods were designed to

evaluate the release kinetics of DEBs. The first method

applied the USP dissolution method Type II-Apparatus,

which enables comparison between different products and

formulations. Release data obtained from this model fitted

first order kinetics perfectly and was used to calculate

diffusion coefficients that predicted very slow release. This

method could be standardised to set specifications for

manufacturing processes. The second method developed, a

diffusion T-apparatus, resembles more closely the in vivo

situation in embolisation procedures, where the drug dif-

fuses through a static environment. The release data ob-

tained from this method were modelled to slow release
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kinetics, predicting a half-life of elution over 1,500 h for

all size ranges of DC Bead. Strong linear correlations were

found between release data from T-Apparatus and PK data

from patients treated with DC Bead loaded with dox in

TACE procedures, suggesting that level A IVIVC models

can be developed for these types of beads.
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