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A B S T R A C T   

The correlation between in vivo and in vitro data is yet not sufficiently optimized to allow a significant reduction 
and replacement of animal testing in pharmaceutical development. One of the main reasons for this lies in the 
poor mechanistic understanding and interpretation of the physical mechanisms enabling formulation rely on for 
deploying the drug. One mechanism that still lacks a proper interpretation is the kinetics of drug release from 
nanocarriers. In this work, we investigate two different types of classical enabling formulations – i) cyclodextrin 
solutions and ii) liposomal dispersions – by a combination of an experimental method (i.e. UV–Vis localized 
spectroscopy) and mathematical modelling/numerical data fitting. With this approach, we are able to discrim-
inate precisely between the amount of drug bound to nanocarriers or freely dissolved at any time point; in 
addition, we can precisely estimate the binding and diffusivity constants of all chemical species (free drug/bound 
drug). The results obtained should serve as the first milestone for the further development of reliable in vitro/in 
silico models for the prediction of in vivo drug bioavailability when enabling formulations are used.   

1. Introduction 

Liposomes and cyclodextrins are two of the most investigated drug 
carriers of the last century. Liposomes are spherical phospholipid bi-
layers that are capable of carrying both hydrophilic (in the aqueous 
core) and lipophilic (in the lipid bilayer) compounds [1]. In the last 
years, several liposomal formulations have reached the market and are 
currently used in the treatment of various diseases from fungal in-
fections (e.g. amphotericin B liposomal dispersion, brand name 
Amphotec®/Ambisome®) to cancer (e.g. doxorubicin-liposome disper-
sions, brand name Myocet® or Daunorubicin-liposomes product name 
Vyxeos®) [2]. 

On the other hand, cyclodextrins (CD) (Fig. 1) have been heavily 
investigated as solubilizing agents especially for poorly water-soluble 
compounds. Cyclodextrins are cyclic oligosaccharides, among which 
the most common are composed of 6 (α-CD), 7 (β-CD) and 8 (γ-CD) 

glucose units [3]. The distinct trunked-cone shape and the very hydro-
philic outer surface area allow lipophilic moieties (e.g. aromatic rings, 
short aliphatic chains) to be spontaneously incorporated into the CD 
lipophilic core of the dextrin ring, forming a complex. For pharmaceu-
tical purposes, the most employed cyclodextrin is the β-type and its 
hydrophilic derivatives (e.g. 2-hydroxypropyl-β-CD, Fig. 1). Despite its 
hydrophilicity, the standard β-CD suffers from poor aqueous solubility 
due to a strong intramolecular network of H-bonds. Water-soluble de-
rivatives such as 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) and sulfo-
butylether-β-cyclodextrin (SBE-β-CD) are GRAS approved and widely 
used in food and drug industries as excipients [4]. Nowadays, several 
cyclodextrins-based pharmaceutical formulations are available on the 
market e.g. the branded drug Veklury®, the first anti-retroviral drug 
approved for the treatment of SARS-CoV-2 infection, is an aqueous so-
lution of SBE-β-CD-remdesivir complex with molar ratio 16:1 [5]. 

Eq. (1) describes the most general equilibrium between a ligand (e.g. 
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cyclodextrin, liposomes) and a substrate (e.g. a drug molecule): 

nL+mS ↔ Ln − Sm (1)  

where L and S represent the ligand and substrate, respectively, (with the 
respective stoichiometric factors n and m) and Ln-Sm is the complex 
formed. The most general equilibrium constant (Keq) for this equilibrium 
can be written as Eq. (2): 

Keq =
[Ln − Sm]

[L]n*[S]m
(2)  

where [Ln-Sm] represents the concentration of the complex at equilib-
rium and [L] and [S] represent the free drug fraction and the ligand free 
fraction concentrations at equilibrium (each concentration raised to its 
stoichiometric factor). The efficiency of this carrier-based solubilizing 
agent in enhancing biopharmaceutical performances in vivo, especially 
of poorly water-soluble drugs, remains a big question mark. In fact, even 
though both liposomes and CDs are capable of solubilizing poorly sol-
uble substances [6,7] by enhancing their apparent solubility in water by 
several orders of magnitude, in some cases absorptions rate of these 
drugs in vitro [8] and in vivo are unmodified or even reduced [9–11]. One 
accredited hypothesis to explain these phenomena is the free-drug-frac-
tion paradox that limits the absorption of BCS (Biopharmaceutics Clas-
sification System) class II and IV (low solubility) drugs through 
biological barriers with solubilizers [12]. According to Fick’s first law of 
diffusion (Eq. (3)), the flux (j) through a barrier (e.g. GI tract) should be 
proportional to the drug diffusivity constant (D) in the diffusion media 
and the concentration gradient (dc/dx): 

j = − D
dc
dx

(3) 

Assuming that the concentration gradient (dc/dx) is constant, Eq. (3) 
can be written as: 

j = D
cd − ca

h
(4)  

where cd and ca are the concentrations of the drug in the donor and 
acceptor compartment respectively, h is the barrier thickness and D is 

the average diffusivity of the drug in the donor/acceptor media (basi-
cally water) and in the barrier (lipoidal environment). The free-drug- 
fraction paradox refers to the fact that, when carrier-based enabling 
formulations are employed (e.g. liposomes, micelles), the decisive 
parameter determining drug permeation and absorption is mostly, if not 
only, the free drug concentration (i.e. the molecularly dissolved drug, 
[S]) [12]. Therefore, Eq. (4) can be written as: 

j = D
[S]
h

(5) 

We have demonstrated the validity of this phenomenon for liposomal 
and micellar dispersions loaded with hydrocortisone and utilized sheep 
nasal mucosa as the barrier of absorption [13]. In order to further extend 
our comprehension of the free-drug-fraction paradox – that is the key to 
improve the in silico predictability of enabling formulation systems – 
there is an urgent need for a method able to reliably measure real time 
the free drug concentration ([S]) and the bound drug concentration ([Ln- 
Sm], Eq. (3)). So far, few empirical methods are available for the esti-
mation of free-drug fraction (i.e. molecularly dissolved drug) from 
nanocarriers. For larger drug carriers such as liposomes and micelles, the 
most employed are dialysis, centrifugation, size exclusion chromatog-
raphy [14] and microdialysis/nanofiltration [15]. These methods are 
quite impractical as they all require dedicated laboratory apparatus and, 
additionally, they induce perturbation of the equilibrium system. For 
cyclodextrins, the free-drug fraction can be estimated by phase- 
solubility studies or by isothermal titration calorimetry (ITC) [7]. Yet 
again, ITC is a quite uncommon equipment in pharmaceutical labora-
tories and experiments are not easy to perform. An empirical/compu-
tational method based on localized UV–Vis spectroscopy for studying 
the passive diffusion of drugs in unstirred layers has earlier been 
introduced by us [16]. We showed that through fitting a simple 
analytical solution of Fick’s second law of diffusion to the empirical 
diffusion curves, it is possible to obtain precise diffusivity parameters for 
drugs in solution, as well as in formulations. Unfortunately, the math-
ematical approach utilized previously proved to be insufficient for pre-
cisely quantify the equilibrium constant drug-liposomes, as well as to 
give a precise estimation of the free drug fraction, [S], in liposomal 
dispersions and cyclodextrin solutions [17]. The aim of this work was to 

Fig. 1. Chemical structure of β-cyclodextrin (β-CD, R:-H) and the derivative used in this study 2-hydroxypropyl-β-cyclodextrin (HP-β-CD). The figure also shows the 
classical trunked-cone structure of the native compound (B) as well as its three-dimensional conformation (C) in aqueous environment. 
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use localized UV–Vis spectroscopy to study the diffusion of drugs in the 
presence of HP-β-CD and liposomes and utilize an extended mathe-
matical approach to interpret the empirical diffusion data. This new 
approach allows the simultaneous and real time measurement of several 
relevant parameters such as the free drug concentration [S] the bounded 
drug concentration [Sn-Lm] as well as the equilibrium constants (Keq), 
opening the gate to in silico permeation prediction of such formulations. 

2. Experimental section 

2.1. Materials 

Hydrocortisone (HC), (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD; 
DS = 0.5–1.3), ibuprofen (IBU) and sodium hydroxide (≥98.0% pellets; 
NaOH) were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, 
DE). Acetonitrile (≥99.9% isocratic grade for HPLC; ACN), ethanol (96 
% (v/v)) sodium chloride (NaCl) and sodium dihydrogen phosphate 
dihydrate (NaH2PO4⋅2H2O) were purchased from VWR Chemicals 
(Radnor, PA, USA). Chloroform (for analysis EMSURE®) and disodium 
phosphate dihydrate (Na2HPO4⋅2H2O) were purchased from Merck 
KGaA (Darmstadt, DE). Lipoid S100 (soybean phosphatidylcholine, ≥ 94 
% pure; sPC) was a generous gift from Lipoid GmbH (Ludwigshafen, DE). 
All solutions and HPLC mobile phase were prepared with water, purified 
by a Milli-Q® water purification system for ultrapure water by Merck 
Millipore (Darmstadt, DE). 

2.2. Solutions 

Phosphate-buffered saline (PBS; 73 mM) with pH 7.4 was prepared 
by mixing one part 2.5% (w/v) NaH2PO4⋅2H2O solution with four parts 
0.9% (w/v) Na2HPO4⋅2H2O solution. The pH was adjusted to 7.4 ± 0.05 
(SevenCompact™ pH/ion meter S220; Mettler Toledo, Columbus, OH, 
USA) with NaOH pellets and osmolality – to 280–300 mOsm/kg (Semi- 
Micro Osmometer K-7400, Knauer, Berlin, DE) with NaCl. PBS was 
filtered 0.2 µm (Whatman® Nuclepore Track-Etch membrane filter; GE 
Healthcare Life Sciences, Maidstone, UK) prior to use. 

2.3. Preparation of cyclodextrin solutions and post-loaded liposomal 
dispersions 

Detailed samples preparation is presented by di Cagno and Stein 

[17]. Briefly, ibuprofen stock solution in PBS was mixed with increasing 
amounts of a HP-β-CD solution in PBS and the volume was adjusted 
adequately with the same solvent, yielding solutions with API concen-
tration of 0.268 mg/cm3 (=1.3 mM) and the following HP-β-CD con-
centrations: 0.698, 1.396, 3.940, 6.980 and 13.960 mg/cm3 (=0.5, 1, 
2.5, 5 and 10 mM, respectively). Additionally, the liposomal dispersion 
was prepared by the classical thin-film hydration method [18], dis-
solving SPC in methanol, evaporating the solvent and rehydrating the 
lipid film with PBS for a final lipid concentration of 40 mg/cm3. The 
liposomes were extruded through 800 and 400 nm polycarbonate filters 
(4 cycles each) to obtain homogeneously dispersed vesicles of approxi-
mately 400 nm. The dispersion was subsequently mixed (1:1) and 
incubated for 10 min with a solution of hydrocortisone in PBS, yielding a 
dispersion with a final API concentration of 0.181 mg/cm3. Since the 
loading of the liposomes took place after preparation, we choose to call 
these post-loaded liposomes, in contrast to the pre-loaded liposomes, 
described in the next section. 

2.4. Preparation and basic characterization of pre-loaded liposomal 
dispersions 

Liposomes were prepared by the classical thin-film hydration 
method. Initially, 500 mg sPC and 5 mg hydrocortisone were dissolved 
in 20 mL chloroform in a round-bottom flask (1 L). The organic solvent 
was evaporated at 40 ◦C for approximately 30 min using a rotary 
evaporator (Heidolph Hei-VAP Advantage, Schwabach, DE), followed 
by a one-hour freeze-drying (Christ Alpha 2–4 LSCplus Martin Christ 
Gefriertrocknungsanlagen GbmH, Osterode am Harz, DE), in order to 
remove solvent rests. The lipid film was subsequently reconstituted with 
10 mL PBS and left at room temperature overnight, prior the extrusion. 
The size of the liposomes was reduced by a stepwise extrusion through 
two stacked polycarbonate membranes (25 mm Nuclepore™ Track-Etch 
Membrane, Whatman®, Maidstone, UK) of descending pore sizes – 800 
nm (10 cycles) and 400 nm (20 cycles) – at room temperature in a 10 mL 
Lipex® extruder (Lipex Biomembranes Inc., Vancouver, CA). The lipo-
somes were characterized immediately after extrusion and used in the 
diffusion measurements, as described in section 2.5. For the particle size 
determination, the intensity-mean hydrodynamic diameter (z-average 
(nm)) and particle size distribution (polydispersity index (PdI) were 
measured using dynamic light scattering (DLS) with a red light laser (λ 
= 633 nm) at 25 ◦C by Zetasizer Nano-ZS (Malvern Instruments, Oxford, 

Fig. 2. Schematic representation of the diffusional system recreated inside a UV–vis standard quartz cuvette.  
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UK). The refractive index and the viscosity of pure water at 25 ◦C were 
used as constant parameters in the calculations. The analysis (300 s, 3 
cycles, 25 ◦C) was performed on a liposomal sample diluted 1:800 with 
PBS in disposable polystyrene cuvette for Zetasizer (Sarstedt AG & Co., 
Nümbrecht, DE). For determining the final concentration of hydrocor-
tisone in the liposomal dispersion, an aliquot was diluted 1:100 in 
ethanol (in order to destroy the phospholipid vesicles and release the 
API) and subsequently diluted 1:1 with Milli-Q® prior to quantification 
with high-performance liquid chromatography (HPLC). The analysis 
was performed on an UltiMate 3000RS system (Thermo Scientific™ 
Dionex™, Sunnyvale, CA, USA), equipped with a Nova-Pak C18 guard 
column (3.9 × 20 mm) and analytical column (3.9 × 150 mm, 60 Å, 4 
µm; Waters™, Milford, MA, USA) and UV detector (at 254 nm). Mobile 
phase consisted of ACN and Milli-Q® water and separation was achieved 
by a 4-minutes linear gradient from 5 to 95 % ACN at a flow rate of 1 
mL/min. Column oven temperature was set to 30 ◦C, the retention time 
was 4.6 min and the total run time was 12 min. The injection volume 
was 80 µL and two injections per vial were analysed. Standard solutions 
(concentration range: 1–10 µg/cm3; R2 ≥ 0.999) were analysed in a 
similar manner at the beginning and the end of the sequence, to ensure 
system changes were detected and could be accounted for. 

2.5. Diffusion 

Localized UV–Vis spectroscopy measurements were performed on a 
double array UV–Vis spectrophotometer UV-6300PC (VWR Interna-
tional, Radnor, PA, USA) in semi-micro cuvettes with PTFE stopper 
(Vchamber = 700 µL, path length = 10 mm; Starna Scientific®, Essex, UK), 
as described previously [16]. The diffusion medium and reference 
sample (675 µL each) consisted of Milli-Q®, whilst the donor solution 
contained one of the three formulations: a solution of HP-β-CD and 
ibuprofen or one of the liposomal dispersions post- or pre-loaded with 
hydrocortisone. At time zero (t = 0 s), donor solution (25 µL) was 
injected at the bottom of the sample cuvette using a microneedle syringe 
(Hamilton Company, Reno, NV, USA). Absorbance measurements were 
recorded at 221 and 248 nm for ibuprofen and hydrocortisone, respec-
tively, every 120 s for a total of 24 h. For all experiments, the sample 
cuvette was lifted by 0.60 cm using a 3D-printed stand, in order to re-
cord absorbances at precisely 0.51 cm (detection position, XD, see Fig. 2) 
from the bottom of the cuvette (i.e. the origin of diffusion), as previously 
detailed by Di Cagno et al. [16]. For cyclodextrins and post-loaded li-
posomes, we utilized raw diffusion data set previously acquired [17]. All 
measurements were performed once. 

3. Mathematical model 

The mathematical model presented is based on the species mass 
balance embodying Fick’s law of diffusion and accounting for a gener-
ative term (Gi) [19]: 

∂Ci(x, t)
∂t

= Di
∂2Ci(x, t)

∂x2 +Gi (6)  

where Ci represents the concentration of the ith diffusing species [mass/ 
volume], Di is the ith species diffusion coefficient [squared length/time] 
(assumed constant in time and space for all the diffusing species), t is the 
time and x is the diffusion path (assuming the diffusion to be significant 
only in one direction, i.e. the height of the cuvette; cm). The generative 
term Gi [mass/volume time] assumes different expressions depending 
on the possible interactions among diffusing species (cyclodextrins case) 
or on mass exchange between phases (liposomes case). 

3.1. Cyclodextrins 

The interaction between drug (D) and cyclodextrin (C), (Eq. (1)) can 
be written as: 

mD+ nC →
k1

←
k2

DC (7)  

where D, C and DC are the free drug, free cyclodextrin and complex 
molar concentrations, respectively, k1 and k2 are the binding and un-
binding kinetic constants, respectively, while m and n are the chemical 
reaction stoichiometric coefficients. According to Eq. (7), it is possible to 
evaluate the generative terms relative to drug (GD), cyclodextrin (GC) 
and drug-cyclodextrin complex (GDC) so that eq. (6) can be solved for 
each species as: 

∂CD

∂t
= DD

∂2CD

∂x2 +GDGD = MD
(
m*k2*CDC − m*k1*Cm

D*Cn
C

)
(8)  

∂CC

∂t
= DC

∂2CC

∂x2 +GCGC = MC
(
n*k2*CDC − n*k1*Cm

D*Cn
C

)
(9)  

∂CDC

∂t
= DDC

∂2CDC

∂x2 +GDCGDC = MDC
(
k1*Cm

D*Cn
C − k2*CDC

)
(10)  

where CD, CC and CDC are the drug, cyclodextrin and drug-cyclodextrin 
complex concentrations [mass/volume], respectively, while DD, DC and 
DDC and MD, MC and MDC are, respectively, the diffusion coefficients 
[length2/time] and molar weights of the three respective chemical 
species involved. 

The boundary conditions referring to Eqs. (8)–(10) imply an imper-
meable wall in X  = X0 (bottom of the cuvette, Fig. 2) and X  = L (full 
cuvette length) directions: 

∂Ci

∂x

⃒
⃒
⃒
⃒

X=0
=

∂Ci

∂x

⃒
⃒
⃒
⃒

X=L
= 0 ∀i(D,C,DC) (11) 

Initial conditions assume that the drug is absent in the cuvette (CD =

0) except for its initial part (X ≤ δ ≈ 1200 µm) where the injected so-
lution volume resides. Thus, for X  ≤ δ, it is assumed that the initial drug, 
HP-β-CD and complex concentrations are uniform and attain the ther-
modynamic equilibrium evaluable by the solution of the following 
equations: 

CDCE =
k1

k2
*Cm

DE*Cn
CE (12)  

(

CDE +CDCEm
MD

MDC

)

Vs = CD0Vs (13)  

(

CCE +CDCEn
MC

MDC

)

Vs = CC0Vs (14)  

where Vs represents the injected volume [length3], CD0 and CC0 are the 
drug and cyclodextrin concentrations used to prepare the injected so-
lution, while CDE, CCE, and CDCE are the drug, cyclodextrin and complex 
equilibrium concentrations (i.e. the initial concentration values in the 
injected volume), respectively. While Eq. (12) corresponds to the 
attainment of equilibrium among drug, cyclodextrin and complex con-
centrations, Eqs. (13) and (14) are the mass balance referring to drug 
and cyclodextrin in the injected volume. The iterative numerical solu-
tion (implicit Euler method, tolerance 10-8) of Eqs. (12)–(14) allows the 
determination of CDE, CCE, and CDCE (see details in Supporting 
Information). 

Time and special discretization of Eqs. (8)–(10) was performed ac-
cording to the control volume method [20], while the resulting non- 
linear system of algebraic equations was iteratively solved by means 
of the Gauss-Seidel method embodying a relaxation step (relative 
tolerance 10-8) [21]. In order to ensure the numerical solution stability 
and accuracy, the time discretization step was set to 1 s while the space 
discretization step was set to 60 µm (1/500th of the total cuvette length). 
The numerical solution was achieved by means of a proper Fortran 
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program. 

3.2. Liposomes 

The drug diffusion phenomenon in presence of liposomes in an 
unstirred aqueous phase requires accounting for the drug exchange 
occurring between the aqueous phase and the liposomes and this can be 
modelled by a proper definition of the generative term (Eq. (6)). In this 
work, we assume that the drug exchange between the two phases can be 
described as a drug partitioning between two immiscible phases [22]: 

GD =

(

k1*Clip

(
CDS − CD

CDS

)

− k2*CD

(
ClipS − Clip

ClipS

))

(15)  

where CD and Clip are the drug concentrations in the aqueous and lipo-
somal phases, respectively, CDS and ClipS are the drug solubility in the 
aqueous and the liposomal phases [mass/volume], respectively, while k1 
and k2 are two kinetic constants [dimension length/time]. With this 
mathematical interpretation, drug release from the liposomes to the 
aqueous phase can occur on condition that Clip ∕= 0 and that the drug 
concentration in the aqueous phase (CD) is lower than the solubility 
threshold (CDS). Similarly, the drug loading (i.e. transport of drug from 
the aqueous phase into liposomes) can occur on condition that CD ∕=

0 and that the drug concentration in the liposomal phase (Clip) is lower 
than the solubility threshold (ClipS). Eq. (15) represents a generalization 
of the approach proposed by Van de Waterbeemd and co-workers [23] 
that applies only for soluble drugs in both the hydrophilic and hydro-
phobic phases, i.e. in the limit CD/CDS ≈ 0 and Clip/ClipS ≈ 0. The volume 
fractions of the injected volume occupied by liposomes and aqueous 
phase are φp (a known parameter) and (1-φp), respectively. In addition, 
due to the presence of liposomes, the cuvette cross-section available for 
drug diffusion will be lower than the geometrical value. Thus, assuming 
monodisperse size distribution of the liposomes, the available cross 
section turns out to be equal to (1–1.5* φp) [24]. Taking all this into 
account, eq. (6) can be re-written as: 

∂CD

∂t
=

(1 − 1.5φp

1 − φp

)

*DD
∂2CD

∂x2 +
3

Rlip
*
( φp

1 − φp

)

*GD X ≤ δ (16)  

where Rlip indicates the liposomes average radius while 3φp/Rlip is the 
liposomal surface (per unit volume), across which the drug can be 
exchanged between the liposomes and the aqueous phases. The drug 
concentration inside the liposomal phase at position x and time t is 
determined by the following differential equation: 

∂Clip(x)
∂t

= −
3

Rlip
GD(x) (17) 

Due to size (Rlip approx. 200 nm) the liposomes remain immobilized 
in a thin layer with thickness δ (Fig. 2) at the injection site (bottom of the 
cuvette) for the entire duration of the experiments (24 h). 

Therefore, for X  > δ we have GD = 0, and Eq. (16) can be written as: 

∂CD

∂t
= DD

∂2CD

∂x2 (18) 

For the cyclodextrins, the system boundary conditions require an 
impermeable wall at X  = X0 and X  = L (Fig. 2). Initial conditions imply 
i) drug absence (CD = 0) for X  > δ and ii) a homogeneous drug con-
centration distribution for X  ≤ δ. The determination of the equilibrium 
concentrations implies that GD = 0 and therefore: 

GD =

(

k1*Clip

(
CDS − CDE

CDS

)

− k2*CD

(
ClipS − ClipE

ClipS

))

= 0 (19)  

where CDE and ClipE are the drug equilibrium concentrations in the 
aqueous and liposomal phases respectively. The solution of Eq. (19) can 
be performed by coupling it with the drug mass balance referring to the 
injected volume: 

ClipEφp +CDE
(
1 − φp

)
=

M0

Vs
= C0 (20)  

where M0 is the total drug amount present in the injected volume (Vs). 
The simultaneous solution of Eqs. (19) and (20) leads to the determi-
nation of the two unknowns: CDE and ClipE (see Supporting Information 
for more details). Time and spatial discretization of Eqs. (16–18) was 
performed according to the control volume method [20], while the 
resulting non-linear system of algebraic equations was iteratively solved 
by means of the Gauss-Seidel method embodying a relaxation step 
(relative tolerance 10-8) [21] (see Supporting Information). In order to 
ensure stability and accuracy of the numerical solution, the time dis-
cretization step was set to 1 s while the space discretization step was set 
to 60 µm (1/500th of the total cuvette length). The numerical solution 
was achieved by means of a proper Fortran program. 

3.3. Statistical analysis 

Mathematical model fitting to experimental data was carried out via 
Excel: for each fitting, the statistical χ2 was calculated and its value was 
used to perform a statistical analysis through the F-test with level of 
significance α = 0.05. 

4. Results and discussion 

Cyclodextrins and liposomes are two different systems with respect 
to stoichiometry and mechanism of drug release, reflected in the similar 
yet slightly different mathematical approaches in the two cases, as 
described in the previous section. Therefore, from an experimental point 
of view, an important distinction in the detected diffusing species can be 
made. Whilst the diffusion of both free drug, cyclodextrins and drug-CD 
complexes influence the overall diffusion profiles, only free drug is 
measured in the liposomal dispersion. Once the liposomal dispersion is 
injected in the bottom of the cuvette (i.e. origin of the diffusion), the 
initial condition is a stable partition of the drug in the liposomes and free 
drug fraction in the aqueous media, controlled by binding (k1) and un-
binding (k2) constants. However, few seconds after the injection, passive 
diffusions begins and the equilibrium is perturbed. Liposomes are large 
nanocarriers (min. 200 nm) with kinetics of Brownian motion orders of 
magnitude lower than drug molecules. Moreover, the liposomes contain 
a 300 mOsm/kg isotonic buffer that impedes their passive diffusion due 
to higher relative density in respect to the diffusion media (pure water). 
In this case, therefore, the only species detected by the UV laser is the 
free drug fraction. In order to assess the reliability of both the experi-
mental setup and the developed mathematical model, a two-step strat-
egy was adopted. To validate the method, the first step was to compare 
the numerical solution with the analytical solution of the drug diffusion 
profiles in absence of HP-β-CD or liposomes (i.e. only drug aqueous 
solution). The perfect coincidence of the two solutions proved the reli-
ability of the numerical approach, at least in this simple situation (data 
not shown). Then, the developed model was fitted to the experimental 
data referring to drug diffusion in the cuvette (in the absence of a car-
rier) in order to determine the drug diffusion coefficient and to compare 
it with a theoretical evaluation according to the SEGWE method [26]. As 
the theoretical values and fitting data were very similar, this assured the 
validity of both the experimental and theoretical approaches. Conse-
quentially, all measurements were performed once, supported also by 
our previous experience with the reproducibility of the setup [25]. 

4.1. Hydroxypropyl-β-cyclodextrin 

Model (Eqs. (8–10)) fitting to experimental data was performed 
assuming as fitting parameters the total drug concentration in the 
injected volume (CD0), the diffusion coefficients of the three diffusing 
species (ibuprofen: DD; HP-β-CD: DC; and drug-CD complex: DDC) and k1, 
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while k2 was evaluated, based on the k1/k2 knowledge (22.26 cm3/µg), 
derived from equilibrium data [17]. Coefficients m and n were set to 1, 
as ibuprofen-CD stoichiometry is known to be 1:1 [7,17]. While the 
choice of DD, DC, DDC and k1 as fitting parameters is obvious, the ne-
cessity of considering also CD0 among fitting parameters derives from 
the model’s high sensitivity with respect to this parameter, so that small 
variations in this parameter result in model output variations. As shown 
in Fig. 3 and as proved by the F-test (see figure caption), the agreement 
between model best fitting (solid black lines) and experimental data 
(blue, green and red scatter) is very good for all HP-β-CD concentrations 
considered. It should be underlined that this good agreement can be 
achieved only when considering the sum of the free drug (CD) and the 
complexed drug (CDC) as drug concentration (CIBU in Fig. 3). This fact 

implies that HP-β-CD cannot hide the drug presence from the utilized 
detecting system (UV). 

Another important outcome deriving from model fitting to experi-
mental data consists in the independence of k1 (2.26*10-3 (µg/(cm3*s)) 
and, thus, of k2 (10-4 s− 1) on the HP-β-CD concentration, at least in the 
range considered. This supports the adopted mathematical expression of 
the generative terms (GD, GC and GDC; Eqs. (8–10)), which relays on the 
k1 and k2 independence on species concentration. It is also worth 
underlining that, as shown in Table 1, DD, DC and DDC do not substan-
tially vary with HP-β-CD concentration. In addition, DD and DC values 
are close to the theoretical values calculated according to the SEGWE 
method [26] assuming T = 25 ◦C and 0.868 mPa*s for what concerns 
liquid (water) viscosity. Finally, Table 1 reveals that also CD0 remains 
almost constant with HP-β-CD concentration and its value is close (≈ 11 
% increase) to the theoretical one (0.260 mg/cm3). 

Relaying on the k1 and k2 values determined by data fitting (Table 1 
caption), it is possible to simulate the binding and unbinding process 
occurring in the injectable volume once ibuprofen and HP-β-CD are 
incubated together. Fig. 4 reports the analytical solution of Eqs. (12–14), 
assuming an initial free ibuprofen concentration (CD0) equal to 0.288 
mg/cm3 and an initial free HP-β-CD concentration (CC0) equal to 0.698 
mg/cm3. As it can be seen, equilibrium achievement is very fast (sec-
onds) if compared to the time elapsing between sample preparation and 
injection (minutes/hours). As the increase of CC0 makes the equilibrium 
attainment faster, we can conclude that in all our experiments the 
ibuprofen-CD interaction reached equilibrium when the solution was 
injected at the cuvette bottom. Thus, one important model assumption 

Fig. 3. Comparison between experimental data (scatter plot) and model best 
fitting (continuous black line) for three representative HP-β-CD concentrations 
(blue: 0.698 mg/cm3; green: 3.490 mg/cm3; red: 13.960 mg/cm3). CIBU [µg/ 
cm3] indicates the total ibuprofen concentration, i.e. the sum of free and bound 
(to HP-β-CD) ibuprofen concentration. Note that the different amounts of 
cyclodextrin alter the diffusion profile of IBU. The F-test value achieved for 
every case corresponds to: F698 (5,433,0.95) < 89050; F1396 (5,433,0.95) <
55551; F3490 (5,433,0.95) < 27479; F6980 (5,433,0.95) < 11472; F13960 
(5,433,0.95) < 20434. The subscript in the F-test values accounts for the 
cyclodextrin concentration of each case. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Fitting parameters referring to different HP-β-CD concentrations. CD0 is the 
ibuprofen concentration in the injected volume, DD, DC and DDC are the diffusion 
coefficients of the three diffusing species – ibuprofen, HP-β-CD, ibuprofen-CD 
complex, respectively. For simplicity, the values of the direct (k1 = 2.26*10-3 

[cm3/(mg*s)]) and reverse (k2 = 1.0*10-3 [s− 1]) kinetic constants (Eqs. (8 – 10)) 
were omitted from the table. The last row shows the theoretical CD0 value and 
the DD, DC and DDC values evaluated according to the SEGWE method, assuming 
0.868 mPa*s as solvent (water) viscosity at 25 ◦C [26].  

[HP-β-CD] CD0 DD DC DDC 

[mg/cm3] [mg/cm3] *10-6 [cm2/s] 
0.698 0.288 7.7 2.7 2.3 
1.396 0.298 8.1 3.6 3.1 
3.940 0.287 8.2 3.6 3.2 
6.980 0.291 8.3 3.7 3.3 
13.960 0.292 8.2 3.7 3.3 
mean ± SD 0.291 ±

0.0043 
8.1 ±
0.23 

3.5 ±
0.43 

3.0 ±
0.42 

Reference values 
(calculated) 

0.259 6.74* 3.05* 2.89*  

Fig. 4. Time evolution of free (not bound) ibuprofen (CD, red line) and HP-β-CD 
(CC, blue line) concentrations in the injected volume, assuming a total 
ibuprofen concentration (CD0) of 0.288 mg/cm3, a total HP-β-CD concentration 
of 0.698 mg/cm3 and that the binding (k1) and unbinding (k2) constants values 
are those coming from model fitting to experimental data (see Table 1). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 2 
Equilibrium concentrations of ibuprofen (CD), HP-β-CD (CC) and ibuprofen-CD 
complex (CDC) for all the different measurements performed (values calculated 
according to the analytical solution (Supporting Information, Eqs. (A12–A14)) 
of Eqs. (12–14).  

[HP-β-CD] CD CC CDC 

[mg/cm3] 
0.698  0.205  0.139  0.641 
1.396  0.145  0.364  1.185 
3.940  0.045  1.852  1.879 
6.980  0.018  5.134  2.118 
13.960  0.008  12.038  2.205  
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has been proved a posteriori. Table 2 sums up the equilibrium conditions 
occurring for the different CC0 values considered. Correctly, the increase 
in CC0 implies a reduction of the equilibrium free ibuprofen concentra-
tion (CD) and an increase of the equilibrium complex (CDC) 
concentration. 

4.2. Liposomes 

Model (Eqs. (18)–(20)) fitting to experimental data was performed 
assuming as fitting parameters the total drug concentration (CD0) in the 
injected volume, the diffusion coefficient of the drug (hydrocortisone), 
DD, and k1, whereas k2 was evaluated on the basis of the k1/k2 (=3.5) 
knowledge derived from equilibrium data in the limit of low drug con-
centration [17]. Moreover, the hydrocortisone solubility in the lipo-
somal (ClipS) and in the aqueous (CDS) phases were set equal to 5.4 mg/ 
cm3 and 0.4 mg/cm3 respectively [13]. CD0 was considered as fitting 
parameter due to the model high sensitivity with respect to this variable. 
As shown in Fig. 5 and proved by the F-test, the agreement between 
model best fitting (solid black lines) and experimental data (colored 
scatter) is very good, independently of the dilution ratio of the liposomal 
dispersion prior to the injection. 

Remarkably, k1 (and, thus, k2) as well as the hydrocortisone diffusion 
coefficient (DD) are practically unaltered by the dilutions (see Table 3). 

This fact is a proof for the correctness of the main hypothesis on which 
the model relies, i.e. the concentration independence of k1, k2 and DD. In 
addition, the reliability of these results is also proved by the concor-
dance of the determined DD value and that coming from to the SEGWE 
evaluation [26], assuming T = 25 ◦C and fluid viscosity of 0.868 mPa*s. 
Interestingly, Fig. 6 shows that the developed model (eqs. (18 – 20)) can 
properly fit (see also F-test outcome reported in the figure caption) both 
loading of empty liposomes with drug (post-loaded liposomes) or drug 
release from loaded liposomes (pre-loaded liposomes). As the release 
profiles show, in the pre-loaded liposomes (blue line Fig. 6) the diffusion 
curve continues to rise, indicating a sustained, yet slow, release of HC 
from the liposomes into the aqueous media. On a contrary, in the post- 
loaded liposomes (Fig. 6, green line) the curve is descending (after four 
hours approx.) but the profile is significantly different from a drug so-
lution. This intuitively indicates that drug is to some extent sequestered 
and retained by the liposomes and that partitioning equilibrium within 
phases is not reached yet. It is also important to underline that the 
resulting values of the fitting parameters k1 and DD are very close to 
those found for the systems considered in Fig. 5 (see Table 3), 
strengthening both the experimental and the theoretical approach 
developed in this paper. This ultimately means that the way liposomes 
are loaded with hydrocortisone does not affect the entire release kinetics 
process. 

On the basis of the determined k1 (and k2) value, the developed 
model (Supporting Information, Eq. (A23)) allows the evaluation of the 

Fig. 5. Comparison between experimental data (blue: no dilution, green: 
dilution 1:2 and red: dilution 1:4) and model best fitting (solid black lines) 
referring to the three dilution conditions considered (see Table 3) in the case of 
pre-loaded systems. CHC indicates the hydrocortisone concentration and t is 
time. The F-test value achieved for every case corresponds to: Fundiluted 
(4,718,0.95) < 44131; F1:2 (4,661,0.95) < 22360; F1:4 (4,718,0.95) < 19264. 
The subscript in F values corresponds to the dilution in each case. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Table 3 
Fitting parameters referring to different dilution ratios (Fig. 5) and techniques for hydrocortisone loading inside liposomes (Fig. 6). CD0 is the hydrocortisone con-
centration in the injected volume, DD is the hydrocortisone diffusion coefficient in water while k1 and k2 are the direct and reverse kinetic constants, respectively, (Eq. 
(15)) ruling hydrocortisone partitioning between the aqueous and the liposomal phases. The DD value calculated according to the SEGWE method [26], assuming 
0.868 mPa*s as solvent (water) viscosity at 25 ◦C is equal to 5.27 cm2/s.  

Dilution CD0 k1 k2 DD Vlip 

Measured (HPLC) Calculated  

[mg/cm3] 10-10 [cm/s] 10-6 [cm2/s] 10-3 [cm3] 
No dilution 0.430 0.293 1.70 5.95  5.25  5.20 
1:2 0.215 0.225 1.60 5.60  5.42  4.65 
1:4 0.110 0.125 1.70 5.95  5.42  3.20 
Post-loaded 0.192 0.192 1.70 5.95  5.00  3.00  

Fig. 6. Comparison between experimental data (scatter) and model best fitting 
(black lines) in the case of pre-loaded (dilution 1:2, blue) and post-loaded 
(green) liposomes systems (see Table 3). The F-test value achieved for every 
case corresponds to: Fpost-loaded (4,594,0.95) < 24726; F1:4 (4,718,0.95) <
19264. The subscript in F values are useful to recognize each case. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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time required to get the equilibrium partitioning of hydrocortisone be-
tween the aqueous phase and the liposomal one as depicted in Fig. 7. 
These simulations assume that the volume occupied by the liposomal 
phase is comparable to the 1:2 dilution system (see Table 3). Addition-
ally, simulations were performed in two limiting conditions. In the first 
one (post-loaded liposomes), the drug, at the beginning of the parti-
tioning, is completely contained in the water phase (dashed lines) and 
absent in the liposomal phase. In the second, on the contrary, the drug is 
initially totally confined in the liposomal phase and it is absent in the 
water phase (pre-loaded liposomes, continuous lines). 

Fig. 7 shows that when the drug fills the aqueous phase and is not 
present in the liposomal phase (dashed lines) at the beginning of the 
partitioning, its concentration in the aqueous phase (dashed blue line) 
decreases with time while its concentration increases in the liposomal 
phase (dashed red line). Obviously, the opposite situation takes place 
when the drug is initially present only in the liposomal phase. Clearly, 
the equilibrium drug concentration in the aqueous (CDE) and in the 
liposomal (ClipE) phases is the same whatever the initial conditions 
considered. Interestingly, regardless of the initial conditions considered, 
the attainment of the equilibrium is reached after about 24 h, i.e. 
approximately to the time elapsing between formulation preparation 
and injection. Thus, again, the hypothesis of equilibrium attainment 
inside the injectable volume at injection time is confirmed also in the 
second carrier (liposomes) considered in this paper. Table 4 summarized 

all relevant fitting parameters obtained by the simulation related to 
liposomes. 

The incorporation efficiencies (IE, Table 4) has been calculated by 
Eq. (21): 

IE(%) =
(Vlip*ClipE)

(CD0*0.025)
*100 (21) 

Were Vlip and ClipE are the liposomal volume and HC liposomal 
concentration respectively and CD0 is the HC concentration (Table 3) in 
the injected volume (0.025 cm3). The incorporation efficiency of the 
original (i.e. undiluted) liposomal dispersion prepared was 60%, which 
is in agreement with previously reported data for such formulations 
[13]. Interestingly, the incorporation efficiency decreased with 
increasing dilution factor. As we found out, upon dilution of the sus-
pension, hydrocortisone has a favorable exchange lipid-water. There-
fore, perturbation of the equilibrium triggers concentration-gradient 
driven (due to k2 > k1) release of more hydrocortisone from the lipo-
somal bilayer out in the aqueous environment. It is important to un-
derline that hydrocortisone is a lipophilic compound therefore its 
loading into the phospholipid membrane of liposomes is thermodynamic 
favorable. Therefore, the relatively effective loading (41%) observed 
also in the post-loaded liposomes experiments is in accordance with 
expectations. All these findings are quite relevant also from a practical 
point of view, as all available experimental methods for incorporation 
efficiency determination implies perturbation of the original dispersion 
equilibrium (mostly dilution). For drug with a quite rapid exchange 
lipid-aqueous media, this might lead to overestimation of incorporation 
efficiency. 

5. Conclusions 

The presented work outlines the successful development of a simple 
experimental/mathematical approach for the precise determination of 
diffusional and kinetic parameters linked to colloidal-carrier systems 
(cyclodextrins and liposomes). With this cost effective and easy imple-
mentable approach, we are able to resolve drug diffusion profiles in an 
unstirred water layer and discriminate real time and with high accuracy, 
the free fraction (i.e. molecularly dissolved drug) from the bounded drug 
fraction to the carrier in any time point. Ultimately, for CD we calculate 
binding constants and for nanocarrier-based systems (liposomes in this 
case) we successfully measure the incorporation efficiency. As this new 
in vitro/in silico method can be easily adapted and utilized to study 
different types of enabling formulation in different media, we herewith 
are opening the gate for the solution of much more complex and bio-
pharmaceutically relevant issues such as the optimization of in vitro/in 
vivo correlation. 
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Fig. 7. Time evolution of the hydrocortisone concentration inside the lipo-
somal (Clip) and the aqueous (CD) phases constituting the injectable volume. 
Dashed lines refer to the case of hydrocortisone totally confined inside the 
aqueous phase and absent in the liposomal phase at the beginning of drug 
partitioning. Solid lines refer to the case of hydrocortisone totally confined 
inside the liposomal phase and absent in the aqueous phase at the beginning of 
drug partition. Liposomes volume corresponds to that of the 1:2 dilution system 
of Table 3 (4.65*10-3 cm3) and the total hydrocortisone concentration is 
assumed to be 0.225 mg/cm3. 

Table 4 
Hydrocortisone equilibrium concentrations in the aqueous (CDE) and liposomal 
(ClipE) phases relative to the systems considered in this paper (pre- and post- 
loaded liposomes). CD0 is the hydrocortisone concentration in the injected vol-
ume and IE is the liposomal incorporation efficiency.  

Formulation Dilution CDE ClipE CD0 IE 
[mg/cm3] % 

pre-loaded none  0.152  0.842  0.293 60 
1:2  0.129  0.655  0.225 54 
1:4  0.087  0.387  0.125 40 

post-loaded none  0.130  0.661  0.192 41  

M.M. Tzanova et al.                                                                                                                                                                                                                            



European Journal of Pharmaceutics and Biopharmaceutics 178 (2022) 168–178

176

Appendix 

Cyclodextrins 

To achieve model numerical solution, Eqs. (8)-(10) were discretized in time and space according to the implicit control volume method that 
allowed their transformation in a non-linear system of algebraic equations (three equations for each control volume considered). The iterative solution 
of the non-linear system was achieved by means of the Gauss-Seidel method embedding a relaxation step characterized by a relaxation rate of 0.65. For 
each control volume (i), the expression of the drug, cyclodextrin and complex concentrations were evaluated according to the following equations: 

Ct+dt
Di

=

(
Ct+dt

Di+1
+ Ct+dt

Di− 1

)
*DDΔt + Δx2*

[
Ct

Di
+ mMDΔtk2Ct+dt

DCi

]

Δx2 + 2DDΔt + mMDΔtΔx2k1

(
Ct+dt

Di

)m− 1(
Ct+dt

Ci

)n (A1)  

Ct+dt
Ci

=

(
Ct+dt

Ci+1
+ Ct+dt

Ci− 1

)
*DCΔt + Δx2*

[
Ct

Ci
+ nMCΔtk2Ct+dt

DCi

]

Δx2 + 2DCΔt + nMCΔtΔx2k1

(
Ct+dt

Di

)m(
Ct+dt

Ci

)n− 1 (A2)  

Ct+dt
DCi

=

(
Ct+dt

DCi+1
+ Ct+dt

DCi− 1

)
*DDCΔt + Δx2

[
Ct

DCi
+ MDCΔtk1

(
Ct+dt

Di

)m(
Ct+dt

Ci

)n ]

Δx2 + 2DDCΔt + MDCΔtΔx2k2
(A3)  

where Δx [length] is the thickness of each control volume, Δt [time] is the time discretization step, subscript i indicates the ith control volume whereas 
the superscript t highlights the time instant and “t + dt” represents the next time step. Obviously, Eqs. (A1)-(A3) expressions referring to the first and 
the last control volume are slightly different in order to account for the imposed boundary conditions (impermeable wall). 

In order to determine of the initial values of the drug, cyclodextrin and complex concentration values in the injected volume, Eqs. (12)-(14) were 
numerically solved according to the Gauss-Seidel approach embedding a relaxation step characterized by a relaxation rate of 0.65. Thus, Eqs. (12)-(14) 
were combined to get Eqs. (A4)-(A5) in the spirit of the Gauss-Seidel approach: 

CDE =
CD0

1 + MD
MDC

*m*k*Cm− 1
DE Cn

CE
(A4)  

CCE =
CC0

1 + MC
MDC

*n*k*Cm
DECn− 1

CE
(A5)  

where k is the ratio between the forward (k1) and the backward (k2) constants appearing in the definition of the generative terms GD, GC and GDC (Eqs. 
(8)-(10)). In order to gain information about the speed of equilibrium attainment in the injectable volume, resorting on the expressions of GD, GC and 
GDC, it is possible building up the following system of differential equations enabling the determination of the CD, CC and CDC time evolution: 

dCD

dt
= m*MD*

[
− k1Cm

DCn
C + k2CDC

]
(A6)  

dCC

dt
= n*MC*[− k1Cm

DCn
C + k2CDC] (A7)  

dCDC

dt
= MDC*[k1Cm

DCn
C − k2CDC] (A8) 

The numerical solution of Eqs. (A6)-(A7) was achieved by their discretization according to the implicit Euler method. The resulting non-linear 
system of algebraic equations was solved by the Gauss-Seidel approach embedding a relaxation step characterized by a relaxation rate of 0.65: 
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(A11) 

Interestingly, in the simple case of n = m = 1, the following analytical solution can be achieved: 

Ct+dt
D =

− b +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
b2 − 4ac2

√

2a
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a =
Δt k1MC

1 + Δt k2MDC
b = 1+

Δt k1
(
MDCt

C − MCCt
D

)

1 + Δt k2MDC
(A13)  
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Liposomes 

Combining Eqs. (15) and (16), we get: 

∂CD

∂t
=

(
1 − φs

1 − φp

)

*DD
∂2CD

∂x2 +
3

Rlip
*
( φp

1 − φp

)

*
[

k1Clip

(
CDS − CD

CDS

)

− k2CD
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ClipS − Clip
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)]

(A15) 

While Eq. (A15) holds inside the injected volume (X ≤ δ), elsewhere in the cuvette (X > δ), Eq. (17) holds as liposomes always reside in cuvette 
bottom (X ≤ δ). In order to get the spatial and time variation of drug concentration, both equations have to be numerically solved. Their discretization 
in space and time according to the control volume method allows getting a non-linear system of algebraic equation (one for each control volume) that 
is iteratively solved by the Gauss-Seidel approach embedding a relaxation step characterized by a relaxation rate of 0.65: 
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]
+ Ct
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[
1 + 2DDΔt

Δx2
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Obviously, Eq. (A16) expression referring to the first control volume is slightly different in order to account for the imposed boundary condition, i. 
e. impermeable wall in X  = 0. Similarly, eq. (A17) expression referring to the last control volume is slightly different in order to account for the 
imposed boundary condition, i.e. impermeable wall in X  = L. Finally, the expression of the first control volume occurring for X  > δ differs from eq. 
(A17) as it embodies the condition of equal fluxes in X  = δ, i.e. the drug flux leaving the cuvette portion filled by liposomes (X ≤ δ) must be equal to the 
drug flux entering the cuvette portion without liposomes. 

Eq. (17) derives from the local drug mass balance performed in X: 

Vlip
∂Clip(x)

∂t
= − Nlip*4πR2

lipGD(x) (A18) 

where Vlip and Nlip represent, respectively, the volume and the number of liposomes contained between “X” and “X + ΔX” while Rlip is the average 
liposomes radius. Remembering that: 

Vlip = Nlip*
4
3

πR3
lip (A19) 

Eq. (A18) becomes Eq. (17). Its solution in each one of the control volumes occurring for X  ≤ δ allows to get Clip(X). Also in this case, Eq. (17) 
discretization was performed according to the implicit Euler method. In the light of the Gauss Seidel approach, Eq. (17) can be written as: 
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In order to evaluate the equilibrium drug concentrations in the aqueous (CDE) and liposomal (ClipE) phases forming the injectable volume, eqs. (19) 
and (20) have to be simultaneously solved. After some algebraic manipulations, we get: 
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B2 − 4AC2

√

2A
ClipE =

C0 − CDE
(
1 − φp

)

φp
(A21)  

A =
ClipS

CDS
−

k2

k1
B = ClipS

(

1+
φp

1 − φp

k2

k1

)

+
C0

1 − φp
A C =

C0ClipS

1 − φp
A (A22) 

The positive root of Eq. (A21) has to be considered. 
In order to gain information about the speed of equilibrium attainment in the injectable volume, resorting on GD expression (Eq. (15)), it is possible 

building up the following system of equations enabling the determination of the CDE and ClipE time evolution: 

dClip

dt
= −

3
Rlip

[

k1Clip

(
CDS − CD

CDS

)

− k2CD

(
ClipS − Clip

ClipS

)]

(A23)  

CD =
C0 − Clip*φp

1 − φp
24) 

Eq. (A23) is a differential kinetics equation ruling the drug exchange between the liposomal and aqueous phases, while Eq. (A24) represents the 
drug mass balance performed on the injectable volume. Upon Eq. (A23) discretization according to the implicit Euler method and after some rear-
rangements, we get: 

Ct+dt
lip =

− α ±
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
β2 − 4αγ2

√

2α Ct+dt
D =

C0 − Ct+dt
lip *φp

1 − φp
(A25) 

where: 

α =

[3Δt*φp

Rlip
*
(

k2

ClipS
−

k1

CDS

)]

(A26) 
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β =

[

−

(
(
1 − φp

)
+

3Δt
Rlip

(

k2φp +
k2C0

ClipS
+ k1

(
1 − φp

)
+

k1C0

CDS

))]

(A27)  

γ = Ct
lip*

(
1 − φp

)
+

3Δt
Rlip

k2C0 (A28) 

The positive root of Eq. (A25) has to be considered. 
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