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A B S T R A C T

Dialysis methods are frequently used to determine the in vitro drug release kinetics of nanoparticle drug delivery
systems. However, the need for the released drug to diffuse through the dialysis membrane delays its appearance
in the sampling compartment. Thus, the apparent drug release data outside the dialysis bag typically does not
match the desired release kinetics inside the bag adjacent to the nanocarriers. To address this issue, here we
describe a simple approach to determine the actual drug release kinetics from nano drug carriers inside the
dialysis bag from the experimental data measured from the sampling compartment. First, a calibration experi-
ment is carried out to determine the diffusion barrier properties of the dialysis membranes. The apparent drug
release profile of the nanocarrier is then determined using the dialysis method, and a mathematical model is
applied to determine the actual drug release kinetics from the experimental data. The model was tested on
DOXIL® (doxorubicin liposomes), and an excellent agreement was found between the predicted and measured
drug concentration inside the dialysis membranes. By taking the barrier effects of dialysis membranes into
consideration, our model independent of drug carrier not only enables the proper interpretation of the data from
dialysis studies but also helps to evaluate the dialysis methodology applied to in vitro drug release assays.

1. Introduction

Dialysis methods are frequently used to determine the in vitro drug
release profiles of nanoparticle drug delivery systems. The drug release
profile generated from dialysis-based assays has been widely used to
guide formulation development, facilitate quality control and reg-
ulatory filing, and, in the best-case scenario, establish the in vitro-in vivo
correlation (IVIVC) of the nanoparticle formulation [1–3].

However, the validity of the dialysis method as well as the relia-
bility of the release data generated from dialysis assays have long been
questioned [4–6]. For conventional dialysis settings (Scheme 1), the
drug that is released from the nanocarriers first enters the solution in-
side the dialysis bag (donor compartment) and then permeates through
the dialysis membrane to reach the bulk solution outside the dialysis
bag (receiver compartment). Thus, the apparent drug release kinetics,
which is measured by sampling the receiver compartment, is de-
termined by both the actual drug release kinetics and drug permeation
kinetics. In practice, it is usually assumed that the membrane

permeation process is rapid (i.e., not rate limiting) and can be ne-
glected. As a result, the apparent drug release kinetics is often inter-
preted as the actual drug release kinetics without further processing.
However, accumulating evidence suggests that dialysis membranes can
significantly delay the translocation of the released drug, in which case
the apparent drug release profile will not properly describe the actual
drug release kinetics [5,7–10]. For example, Zambito et al. [4] com-
pared the drug release data of diclofenac-loaded nanoparticles using
dialysis and an ultracentrifugation method. It was found that in the
dialysis method, the membrane permeation process, instead of the ac-
tual drug release kinetics, dominated the rate by which the drug ap-
peared in the receiver compartment where samples are taken [4].
Under this circumstance, even though the drug is rapidly released from
the nanocarrier, the apparent drug release rate remains low, which may
be wrongly attributed to the sustained-release of the carriers if not
carefully interpreted.

Some studies that discuss the pitfalls of dialysis methods conducted
a parallel release assay using different methods such as
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ultracentrifugation, ultrafiltration, and the drug-selective electrode to
determine the actual drug release kinetics for comparison [4,11].
However, the external forces used in alternative methods such as cen-
trifugation force may also alter the drug release profile, leading to an
improper comparison. Also, such strategies typically only allow for the
qualitative, but not quantitative, methodological analysis of dialysis
methods. Thus, simple mathematical methods which differentiate the
actual drug release kinetics and the effects of dialysis membranes from
the apparent drug release data could be very useful for the proper data
interpretation and methodology evaluation.

Several mathematical methodologies have been described to de-
termine the exact drug release kinetics by taking the effects of dialysis
membranes into consideration [6,11–13]. For example, Anderson et al.
developed a series of mechanism-based mathematic models to de-
termine the drug release constant of liposomes using the apparent re-
lease profiles derived from the dialysis assays [11,12]. However, most
models have focused on certain drug delivery systems and required
drug-specific parameters such as solubility, pKa, particle sizes and
distribution coefficients, which complicates their general application in
determining actual drug release kinetics for drug delivery systems. In
the present study, we do not seek to explain the release of a specific
nanocarrier nor the effect of the release set-up on drug release kinetics.
Instead, we propose a general approach, which determines the actual
drug release kinetics inside the dialysis bag and enables quantitative
methodological analysis. In the approach, calibration experiments are
performed first to determine the barrier property of dialysis mem-
branes. The apparent drug release kinetic data is then collected by the
conventional dialysis assay while determining any volume changes in
the bag. The apparent release data outside the bag is suitably fit to
allow an estimation of its time derivative before a mathematical model
is applied to calculate the actual drug release kinetics. The free drug
concentration inside the dialysis bag can also be predicted and analyzed
for methodology evaluation purposes. The proposed model, which is
independent of the drug carrier, not only enables the proper inter-
pretation of the data of dialysis assays, but also could become a valu-
able tool to evaluate the appropriateness of the dialysis methodology
used for in vitro drug release testing of nanoparticle drug delivery car-
riers.

2. Methods

2.1. Materials

DOXIL® (doxorubicin HCl liposome injection) was purchased from

the University of Michigan Hospital Pharmacy. The mean particle size
of DOXIL® liposomes is reported to be 87 nm by our previous manu-
script [14]. Doxorubicin hydrochloride (DOX•HCl) was purchased from
SHJNJ Pharmatech (Shanghai, China). 2-Hydroxypropyl-beta-cyclo-
dextrin (HP-CD) was purchased from SHJNJ Pharmatech (Shanghai,
China). Sucrose was purchased from Fisher Chemical. Dialysis bags
from regenerated cellulose (RC) membranes with molecular weight cut-
off (MWCO) of 10 kD and 20 kD and Float-A-lyzer® cellulose ester (CE)
dialysis tubes with MWCO of 8–10 kD, 20 kD, 50 kD, 100 kD and
300 kD were purchased from Spectrum Laboratories (Rancho Dom-
inguez, CA). Zeba™ spin desalting columns (0.5 mL, 7 kD MWCO) were
purchased from Thermo Fisher Scientific. All other reagents were of
analytical grade and purchased from Sigma.

2.2. In vitro drug release kinetic experiments

The USP-4 (flow-through cell apparatus) drug dissolution method,
where the nanoparticle formulation is trapped in dialysis bags and
dialyzed against the circulating release media flowing through the cells,
is selected to represent the typical experiment set-up of dialysis-based
nanoparticle drug release assays. A rapid, discriminatory, and rubust
USP-4 drug release assay for DOXIL® was developed previously in our
lab and used to perform the calibration and drug release kinetics ex-
periments [14]. Briefly, 0.4 mL DOX•HCl stock solution (2 mg/mL, in
10 mM Histidine•HCl, 10% sucrose (w/v), pH 6.5) or 0.4 mL DOXIL®
formulation (2 mg/mL in DOX•HCl) was added to the dialysis bags for
calibration experiments or drug release experiments respectively, to-
gether with 1.2 mL release media composed of 100 mM NH4HCO3, 5%
sucrose (w/v), 75 mM MES, 5% HP-CD (w/v), and 0.02% NaN3 (pH
6.0). The dialysis tubes were inserted into the flow-through cells of the
USP-4 apparatus. 78.4 mL release media was added into the media re-
servoir to achieve the total volume of 80 mL. The experiment tem-
perature was set to 45 °C to achieve the accelerated release of DOXIL®.
The flow rate was 16 mL/min [15]. The absorbance of the released
doxorubicin was detected using Specord 200 plus Spectrophotometer at
480 nm. A linear relationship between free doxorubicin concentration
and UV absorbance (R2> 0.999) was confirmed by the standard curve.
To determine the UV absorbance of doxorubicin once completely re-
leased from the carriers, a free DOX control was set by directly placing
0.4 mL DOX•HCl stock solution and 79.6 mL release media in the media
reservoir. The apparent cumulative drug release fraction (fapp) is cal-
culated with the following formula:

Scheme 1. The relationship between apparent
and actual release kinetics occurring during
release testing by the dialysis method. The
drug molecules are released from the carrier
with the actual rate of r(t) in the solution in-
side the dialysis membrane (the donor com-
partment). Then the released drug diffuses
through the dialysis membrane to reach the
bulk solution outside the dialysis membranes
(the receiver compartment). The samples are
taken from the receiver compartment to cal-
culate the apparent drug release fraction from
the carrier. Vin is the volume inside the dialysis
donor compartment, Cin is the concentration of
the released drug in the donor compartment,
Vout is the volume of the receiver compartment,
and Cout is the concentration of the released
drug in the receiver compartment.
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Where A(Released DOX) is the UV absorbance of the released DOX in bulk
solution outside the dialysis membrane, A(Free DOX control) is the UV ab-
sorbance of the control DOX solution, and A(background) is the UV ab-
sorbance of blank release media.

2.3. Quantification of doxorubicin

At 0 h, 1 h, 3 h, 6 h, and 20 h after the start of the release assay, the
experiment was stopped, and the dialysis devices (bags or tubes) were
removed from the USP-4 apparatus. The solution inside the dialysis
bags or tubes was carefully collected after gentle centrifuge (500 g
×2 min, room temperature), and the volume of the solution was de-
termined. Zeba™ spin desalting columns (7 kD MWCO) were used to
separate liposomal doxorubicin and released free doxorubicin. The
validation of the method as well as the determination of the recovery of
free DOX and DOX-loaded liposomes are detailed in Supplementary
Materials. For sample processing, 100 μL solution was passed through
the desalting columns at 1500 g for 1 min at the room temperature. The
volume of the collected liposome was adjusted to 1 mL using 1% Triton
X-100 water solution for liposomal DOX concentration quantification.
To determine the total amount of doxorubicin, another 100 μL sample
was withdrawn from the dialysis bags and diluted with 1% Triton X-100
to the final volume of 1 mL. The DOX concentrations were quantified at
UV 480 nm via microplate-reader. The free DOX concentration in the
sample was calculated with the following formula:

= −C C
C

Liposomal Recovery %free total
liposmal

where Cfree is the concentration of free DOX in the sample, Ctotal is the
concentration of the total DOX in the sample, Cliposomal is the con-
centration of liposomal encapsulated DOX after passing through the
desalting columns, and Liposomal Recovery % is the recovery of DOX
liposomes from the desalting columns.

2.4. Model development

As seen in Scheme 1, we denote the volume of the donor compart-
ment as Vin, the volume of the receiver compartment as Vout, and the
concentration of the released drug in the donor compartment and the
receiver compartment as Cin and Cout, respectively. A is the surface area
of the dialysis bags where diffusion occurs, and P is the permeability or
mass transfer coefficient of the drug passing through the dialysis
membranes. To generate the mathematical model considering mass
transport during dialysis, we assume that the drug concentration in
each compartment is homogeneous for each of the models below.

2.4.1. Model 1: Dialysis with large receiver reservoir with constant volumes
For simplification, in this model, we assume that Vin and Vout are

maintained constant during both the calibration and drug release ex-
periments. We also assume that the volume of the receiver reservoir is
much larger than that inside the bag, i.e., Vout> > Vin, and in most
cases Cin> > Cout, holds during the dialysis process. Thus Cout is ne-
glected in the driving force for diffusion across the dialysis membrane.

First, we consider the drug transport during the calibration experi-
ment where drug translocates through the dialysis membranes in the
absence of any drug carrier. A simple mass balance about the donor
compartment accounting for the drug loss due to diffusion may be
written as follows:

= −V dC
dt

APCin
in

in (1)

Integrating (1) between times 0 and t gives:

=
−C C ein

A
V Pt

0 in (2)

where C0 is the initial drug concentration in the dialysis bags.
Therefore, there is a simple first-order decay of drug expected as the
drug leaves the bag by simple diffusion.

In practice, it is most convenient to sample outside the bag.
Therefore, the second mass balance is about drug transport to the re-
ceiver compartment, which may be written as follows:

=V dC
dt

APCout
out

in (3)

Inserting (2) into (3), gives

=
−V dC

dt
APC eout

out A
V Pt

0 in
(4)

Multiplying by dt/Vout on both sides, and integrating (4) from t = 0
to time t gives

= −
−C C V

V
e(1 )out

in

out

A
V Pt0

in
(5)

Since Vout> > Vin (in our experiment, Vout = 49 x Vin), the final
drug concentration in the receiver compartment (Cf) can be written as:

=C C V V/f in out0 (6)

Inserting (6) into (5) gives the drug fraction released into the re-
ceiver compartment (fapp) as follows:

= = −
−f C

C
e1app

out

f

A
V Pt

in
(7)

If the calibration and the drug release experiments are performed
following the same protocol, which is the case for our study, A and Vin

are kept the same in the two experiments, making AP/Vin as a constant
denoted as kcal. Thus,

= = − −f C
C

e1app
out

f

k t·cal

(8)

where kcal is a calibration constant for a specific drug/bag combination
determined by the slope of the linear decay of ln(1-fapp) vs. time.

Then, we consider the scenario where the nanocarriers are placed in
the dialysis bag and the dialysis assay is performed under the same
conditions as the calibration experiment. A mass balance around the
solution in the bag may be written as follows:

= −V dC
dt

r t APC( )in
in

in (9)

where r(t) is the mass release rate of the drug from the nanoparticle
dosage form as a function of time. Rearranging and integrating (9) from
t = 0 to time t gives:

∫ ∫ ∫= +r t dt V dC AP C dt( )
t

in
C

in
t

in0 0 0

in

(10)

Normalizing the released mass of drug (∫ r t dt( )t
0 ) by the total drug

mass, M0, gives and initial expression for the actual drug release frac-
tion from the formulation in the bag:

∫
∫

= = +f
r t dt
M

V C
M

AP
M

C dt
( )t

in in t
in

0

0 0 0 0 (11)

Next, we consider the mass balance in the receiver compartment. As
is the case without the nanocarrier, the mass balance in the receiver
compartment is from (3). Rearranging (3) gives Cin as a function of the
rate of change in concentration with time in the receiver compartment
as follows:

=C V
AP

dC
dt

•in
out out

(12)

Integrating (12) from t= 0 to time t gives
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Inserting (12) and (13) into (11):

∫
= = +f

r t dt
M

V V
APM

dC
dt

C V
M
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in out out out out0
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Noting the apparent fraction drug released (fapp) assuming the
negligible resistance of the dialysis bag is

=f C V
Mapp

out out

0 (15)

Taking the derivative of both side of Eq. (15) with respect to t gives:

=
df

dt
V
M

dC
dt

app out out

0 (16)

Then (14) may be written as a function of fapp in a simple form after
using (15) and (16)

= +f V
AP

df

dt
fin app
app (17)

Finally noting the definition for kcal (≡AP/Vin), (17) becomes:

= +f
k

df

dt
f1

cal

app
app (18)

and from (12), (16) and the expression for kcal, the free drug con-
centration in the donor compartment is

= ∙C M
V k

df

dtin
in cal

app0

(19)

Hence, from the calibration constant, kcal, and the measured and
fitted apparent fraction release kinetics fapp, the actual release kinetics
of the formulation (i.e., f vs. t) may be readily determined from (18).
Moreover, the value of Cin, the concentration of drug inside the bag,
may be also predicted from (19).

2.4.2. Model 2: Dialysis under conditions with constant volumes and where
the concentration of drug in the receiver media cannot be ignored

In the derivation of the Model 1, we assume that the Cin> > Cout

during the entire release experiment. However, depending on the setup
of the dialysis assays, this assumption may not always be met. To ad-
dress this limitation, we revise the Model 1 by considering the presence
of Cout in the driving force for diffusion. The volume of the donor
compartment is still assumed to keep constant during dialysis.

In the calibration experiment, no drug carrier is present, and all
drug molecules are dissolved in the media inside the dialysis bag. Since
Vin< < Vout, Cout may still be negligible in the early phase of the
translocation. For example, Vout is 49-fold larger than Vin in our ex-
perimental setup. In this case, Cin remains ten times higher than Cout

before 83% drug is translocated in the receiver compartment. Thus, Eq.
(1)–(8) still holds true in the early stages of the calibration experiments.

For drug release assays with a nanocarrier, under the assumptions of
Model 2, the mass balance in the donor compartment is revised from
Model 1 as follows:

= − −V dC
dt

r t AP C C( ) ( )in
in

in out (20)

The new mass balance in the receiver compartment is:

= −V dC
dt

AP C C( )out
out

in out (21)

Solving (20) and (21) yields the actual drug release fraction as
follows (the complete derivation process is provided in the
Supplementary Materials):

= + ∙ +f V C
M k

df

dt
f1in out

cal

app
app

0 (22)

With the time-dependent Cin as

= + ∙C C M
V k

df

dtin out
in cal

app0

(23)

2.4.3. Model 3: Dialysis with volume changes and appreciable receiver drug
concentration

During the dialysis process, the volume of the donor compartment
and the receiver compartment may be subject to change due to osmotic
pressure and membrane swelling. To account for the volume change of
the donor compartment, the mass balance in the donor and the receiver
compartment can be rewritten as:

= − −
d C V

dt
r t AP C C( ) ( ) ( )in in

in out (24)

= −
d C V

dt
AP C C( ) ( )out out

in out (25)

Note that for conventional dialysis bags, the surface area A typically
remains the same when Vin changes. For dialysis tubes such as the Float-
A-Lyzer apparatus, since the bottom area is fixed, A changes with Vin,
with the fixed ratio of A/Vin = 2/R, where the R is the radius of dialysis
tubes. Thus, the two conditions should be solved respectively (see
Supplementary Materials), which summarized below.

For conventional dialysis bags:

= + + ∙f f F
V C

M k

df

dt
( 1 )app V

in out

cal

app(0)

0 (26)

= + ∙ ∙C C M
V k
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dt
1

in out
in cal

app0

(0) (27)

For dialysis tubes with fixed bottom areas:

= + ∙ +f f
k

df

dt
F

V C
M

1
app

cal

app
V

in out(0)

0 (28)

= + ∙ ∙ ∙C C
F

M
V k

df

dt
1 1

in out
V in cal

app0

(0) (29)

where the volume correction factor =FV
V

V
in

in (0)
, Vin(0) is the initial vo-

lume of the donor compartment and Vin is the time-dependent volume
of the donor compartment.

2.5. Data analysis

For the calibration experiment, three parallel runs were made for
each dialysis membrane and the apparent drug release fraction (fapp)
was recorded. For each run, ln(1-fapp) was plotted against time (t) using
the data of the first 4 h. Simple linear regression was used to fit each
scatter plot. The negative slope of the linear regression was used for kcal
of this dialysis membrane according to Eq. (8).

For the drug release experiment, three parallel runs were made for
each dialysis membrane. The time-dependent apparent drug release
fraction (fapp) was recorded as described in Section 2.2 and plotted
against time (t). The fapp vs t scatter plots were fitted with the Weibull
function

= − −f e1app
atb

(30)

where a is the scale parameter while b is the shape parameter. Speci-
fically, when Weibull function could not fit the data well, which was the
case for 20 kD CE release data (owing to constrained diffusion), the data
were fitted by a linear function ( = +f ct d)app . After the parameters
were determined using nonlinear fitting in R (version 3.4.3), the time
derivative function dfapp/dt was calculated. Then, the fraction of drug
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release from nanocarriers (f) and drug concentration within the bag
(Cin) were calculated by the equations derived by Model 1, 2 or 3.

For data simulation, based on the assumption that all parameters
are normally distributed, at each defined time points from time zero to
20 h, 100 values of parameters including a, b, and kcal were simulated
by random sampling from the respective normal distribution with mean
and standard error estimated from previous model fitting. Fraction of
drug release from nanocarriers (f) and drug concentration within the
bag (Cin) were calculated together with mean and 95% confidence in-
terval by the equations derived by Model 3. To simplify the simulation
process, a fixed value of Vin, which was the average value of Vin at 24 h
time point of all runs, was used when needed.

3. Results and discussion

3.1. Calibration of doxorubicin diffusion through dialysis membranes

In the calibration experiments, doxorubicin solution was placed in
different dialysis bags to determine the membrane permeation kinetics.
Only data during the first 4 h were fitted, since the assumption of
Cin> > Cout only holds true when less than 85% drug has been
translocated to the receiver compartment. As seen in Fig. 1, a linear
relationship was found between ln(1-fapp) and time for every dialysis
membrane, confirming first-order diffusion kinetics of free doxorubicin
molecules through dialysis membranes as described by Eq. (8). The
calibration constant (kcal), which is the negative of the slope of these
kinetic curves, was calculated and listed in Table 1. As expected, for the
dialysis membranes of the same type, kcal increased with the increase in
MWCO, indicating that the barrier effects of dialysis membranes de-
creased as MWCO increased. When comparing dialysis membranes of
different materials, CE membranes have significantly lower kcal com-
pared to RC membranes with the same MWCO, indicating that CE
membranes have a higher resistance to doxorubicin diffusion compared
to RC membranes. Such results suggested that both MWCO and the
membrane type affect the barrier properties of the dialysis membranes,

and choosing dialysis membranes solely based on MWCO may not be
reliable. For example, it has been suggested that the dialysis membrane
for drug release assays should have an MWCO which is at least 100
times higher than the molecular weight of the drug molecule [15]. The
molecular weight of DOX is 543.5 g/mol, requiring dialysis membranes
to have an MWCO of>50 kD to meet the criteria. However, the CE
membrane with 50 kD exhibited medium permeation, whereas the RC
membrane with MWCO of 20 kD was associated with a faster translo-
cation of DOX. The different permeation kinetics of membranes made
by different materials may be related to the porosity of the dialysis
membranes or the interactions between drug molecules and membrane
materials. However, few research articles have been published so far to
address the impact of the dialysis material on translocation rate of
drugs.

Based on the kcal determined in this section, two dialysis membranes
with rapid and medium permeation rates to DOX, the RC membrane
with MWCO 20 kD and the CE membrane with MWCO 50 kD, were
selected for evaluation of DOXIL® release and evaluation of the math-
ematical methods to determine release on the nanoparticle side of the
membrane.

3.2. Fitting apparent release data

In order to obtain the time derivative of the apparent drug release
fraction curve (df dt/ )app , the fapp vs. time curve were fitted by Weibull
function except for 20 kD CE membranes where a linear regression is
used. These fits are displyed in Fig S2. It is worth noting that while the
Weibull function has been commonly used to fit drug release kinetics
data [16], the choice of the function used for model fitting is made on
the case-by-case basis. The following criteria are applied to choose the
proper function to fit the apparent drug release data. First, there must
be a good agreement between the experimental data and the fitted line.
When such agreement can be achieved by several functions, the func-
tion with fewer parameters and least standard errors for the estimates
of the parameters is more favorable for the simulation process. For
example, when developing our approach we initially fitted the data
with 4th and 5th order polynomial functions. However, use of the
polynomial fits resulted in poor predictions of the initial release data,
which resulted in inaccurate predictions of Cin in early time points.
Furthermore, we observed large standard errors of the parameter esti-
mates when fitting data with polynomial functions, which, when in-
troduced to the simulation process, produced a wide confidence in-
terval of the predicted values and weakened the usefulness of the
model. On the other hand, the Weibull functions fits did not have these
issues and were therefore preferred.

3.3. Applying mathematical models to predict actual DOXIL® release
kinetics

In dialysis assays, the actual fraction of drug released (f) occurring
inside the dialysis bag can be written as follows:

Fig. 1. DOX diffusion kinetics through different dialysis membranes. (A)
Cumulative release of DOX from nanocarrier-free drug solution through dif-
ferent dialysis membranes (lines drawn through data). (B) The kcal was calcu-
lated from the linear regression of the first 4 h free DOX release of the plot
according to Eq. (8). Dashed lines are least squares linear regression lines with
kcal listed in Table 1.

Table 1
Calibration constant kcal of different membranes for
free DOX from Fig. 1B.

Membrane kcal (h−1)a

8-10 kD CE 0.019 ± 0.003
20 kD CE 0.055 ± 0.004
50 kD CE 0.534 ± 0.067
100 kD CE 0.690 ± 0.013
300 kD CE 0.862 ± 0.164
8-10 kD RC 0.733 ± 0.009
20 kD RC 0.812 ± 0.074

a The results are presented as mean± SEM (n = 3).
Least squares linear regression resulted in r2> 0.98.
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= +f f M
Mapp

in

0

As seen above, fapp represents the apparent fraction of drug released
(i.e., the fraction of free drug that has accumulated in the receiver
compartment), Min is the amount of free drug in the donor compart-
ment, andM0 is the total amount of drug in the formulation. In practice,
Min /M0 is often neglected due to difficulty in monitoring the free drug
concentration in the dialysis bags and the assumption that the released
drug is rapidly transported to the receiver compartment and/or the
amount of drug in the bag is small compared to that outside the bag.
However, determining Min is important if it is desired to know accu-
rately the actual drug release fraction f.

By applying the kcal determined in the calibration experiments and
fitting the fapp release kinetics to the Weibull function, three models
developed with different assumptions were used to calculate the time-
dependent free drug concentration in the donor compartment. The
calculated values are compared with the experimental data. As seen in
Fig. 3, Model 1 predicted drug concentration inside the bag with a good
agreement to the experimental data in the first few hours, but failed to
predict well the data at later stages of the release. This discrepancy can
be attributed to the fact that the assumption Cin> > Cout is compro-
mised at the late stage of the release. When taking the diminishing
concentration gradient into consideration, Model 2 presented better Cin

predictions of the experimental data. The Model 2 was further revised
to account for the volume change in dialysis tubes during the experi-
ment. As seen in Fig. 2, there was a small yet significant decrease in the
volume inside the dialysis bags during the first 3 h of dialysis, after
which the volume kept constant. While it is possible to mathematically
describe the volume change and incorporate it into the general model,
for simplification purposes, we used the equilibrium volume to calcu-
late the volume correction factor Fv in our calculation. The kinetics of
Cin predicted by Model 3 demonstrated the closest agreement with the
experimental data.

The Model 3 was then applied to calculate the actual drug release
kinetics from the apparent drug release data. As seen in Fig. 4, while the
apparent drug release data significantly underestimated the actual drug
release fraction, a good agreement between the predicted value and the
experimental value of actual drug release fraction was found in both
assays performed in 20 kD RC membranes and 50 kD CE membranes.
Thus, Model 3 served as a reliable tool to determine the actual drug
release kinetics from apparent drug release data of dialysis methods,
allowing for a more proper data interpretation.

3.4. The impact of dialysis membrane on drug release

The Model 2 was further used to calculate the free drug con-
centration in the donor compartment (Cin) as well as the actual drug
release kinetics (f) from the apparent drug release profiles derived from
dialysis assays using different membranes. As seen in Fig. 5B, increased
Cin was observed in the early few hours of dialysis in each dialysis
membrane. The accumulation of the free drug in the dialysis bags

indicates that the drug release rate from the liposomes exceeded the
drug permeation rate through the dialysis membranes. Over this period,
dialysis membrane diffusion kinetics, rather than the actual drug re-
lease kinetics from the nanocarrier, was the largest determinant of the
drug translocation to the receiver compartment (that is, the apparent
drug release kinetics). For dialysis membranes with higher barrier ef-
fects like the MWCO 20 kD CE membrane, the membrane diffusion
remained as the rate-limiting factor throughout the dialysis process, as
evidenced by the high free drug concentration in the donor compart-
ment. In addition, we noticed that there was a large variance in ap-
parent drug release in 3 repeated runs using the 20 kD CE tubes, which
led to a more scattered simulation result compared to those of other
membranes. Since the apparent drug release profile is predominately
controlled by membrane diffusion, such large variance can be attrib-
uted to the variability between different 20 kD CE dialysis tubes. For
dialysis membranes with faster drug permeation rates such as the
MWCO 20 kD RC membrane and the MWCO 300 kD CE membrane,
while they have a shorter membrane-dominating phase and a lower
drug accumulation inside the dialysis bags, the membrane diffusion was
still the largest rate-limiting factor in the first 4 h.

The actual drug release kinetics was also predicted for additional
dialysis bags. As shown in Fig. 5A, the actual drug release rate inside
the dialysis bags was positively correlated with the kcal of the mem-
brane. This can be attributed to the accumulation of free drug inside the
dialysis bags, which violates an effective sink conditions for the drug
releasing liposome. In dialysis settings, the sink condition is assumed to
be achieved by having a large volume of release media in the receiver
compartment which is 10–20 times higher than the volume required for
the saturated drug solution [17]. The underlying assumption of this
practice is that the free drug can quickly equilibrate across the dialysis
membrane, thus maintaining a low free drug concentration inside the
dialysis bag. However, this assumption may not always be true due to
the barrier effects of dialysis membranes. As seen in Fig. 5B, the free

Fig. 2. Volumes of donor compartments (Vin) during the release process. Lines
drawn through data. The results are presented as mean ± SD (n = 3).

Fig. 3. Predicted and observed free DOX concentrations in the donor com-
partment (Cin) during release from DOXIL® in (A) 20 kD RC membrane dialysis
bags and (B) 50 kD CE membrane dialysis tubes. The experimental data are
presented as mean ± SD (n = 3). Error bars not shown when smaller than
symbols.
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drug concentration during the dialysis was 2–8 times higher than the
final equilibrium concentration of doxorubicin outside the bag, which
was 10 μg/ml. This effect is more prominent for dialysis membranes
with low permeability coefficients. For example, for the CE membrane
with MWCO of 20 kD, the actual drug release was much slower com-
pared to other dialysis membranes, and approximately followed zero-
order kinetics. In this case, the barrier effects of the dialysis membrane
not only delayed the apparent drug release profile but also hindered the
'actual' drug release, indicating the membrane was unsuitable to eval-
uate drug release kinetics under these conditions. Analyzing the free
drug concentration inside the dialysis bags using the models developed
in the present paper may serve as a useful tool for the methodological
evaluation of dialysis assays.

4. Conclusion

Despite the common use of dialysis methods for in vitro drug release
kinetics studies, several common issues associated with their use such
as barrier effects of dialysis membranes and violated sink conditions
decrease assay accuracy. These limitations often lead to underestimated
drug release rate, which may be wrongly attributed to the sustained
release of drug from the nanoparticles without proper methodology
evaluation and data interpretation. In the present study, a straightfor-
ward strategy to manage these effects is proposed independent of the
drug carrier in the bag. First, the dialysis membrane is calibrated by a
diffusion experiment across the dialysis membrane without the nano-
carrier. After fitting a suitable mathematical expression to the apparent
drug release data from the nanocarrier obtained from the conventional
dialysis assays, a mathematical model can be used to predict that actual
drug release kinetics. In the cases where the volume changes in the
dialysis bags, a volume correction factor can be added to the mathe-
matical model to enable a better prediction. An excellent agreement is
observed between the predicted actual release kinetics and concentra-
tion in the bag and the experimentally determined values. Our model
not only enables the proper interpretation of the data from dialysis
studies but also helps to evaluate the dialysis methodology applied to in
vitro drug release assays.
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