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1. Abstract

Predictive performance assays are crucial for the swift development and approval of
nanomedicines and their bioequivalent successors. At present, there are no
established compendial methods that provide a reliable standard for comparing and
selecting these formulation prototypes, and a comprehensive understanding of the
relevant in vivo release conditions is still incomplete. Consequently, extensive animal
studies, with enhanced analytical resolution forboth, released and encapsulated drug,
are necessaryto assess bioequivalence. Thissignificantly raisesthe cost and duration
of nanomedicine development. The present work describes the development of a
discriminatory and biopredictive release test method for liposomal prednisolone
phosphate. A model-informed selection of target criteria for medium and test
conditions was used. The experimental design involved a discreate L-optimal
configuration to refine the analytical method. A three-point specification covered the
most important phases of the in vivo release. The early (T-5%), intermediate (T-20%),
and late release behavior (T-40%) were evaluated against the in vivo release profile
of the reference product NanoCort®. Various levels of shear responses and the
influence of clinically relevantrelease media compositions were tested. This enabled
an assessment of the shear shielding effect of proteins on the release, an essential
aspect of their in vivo deformation and release behavior. Fetal bovine serum had the
strongest impact on the discriminatory performance at intermediate shear conditions.
The method provided deep insights into the release response of liposomes and offers

an interesting workflow for in vitro bioequivalence evaluation.
2. Keywords

Nanoparticles, Dissolution, Biopredictive, Biorelevant, Quality by design
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3. Graphical Abstract
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4. Introduction

Liposomes are lipid vesicles that encapsulate at least one aqueous compartment
within one or more lipid bilayers [1,2]. In addition to phospholipids, additives such as
cholesterol or surfactants can be added to alter the membrane structure and release
behavior [3]. Variations in pharmaceutical quality including size, size distribution,
surface charge, composition, and membrane fluidity, have been recognized to affect
the pharmacokinetics (PK) of liposomes [4,5]. Therefore, comprehensive
characterization of these attributes, along with the development of assays predictive
of the in vivo performance, is crucial for creating safe and effective delivery systems
[6-8].

Phase | clinical trials provide highly detailed information regarding dosage form
performances. Plasma concentrationsin a small patient population overtime are more
sensitive to changes in the physicochemical characteristics of the drug product than
pharmacodynamicoutcomesin Phasell-IV trials. Therefore, release test methods that
mimic plasma release performance are most suitable forestablishing clinically relevant
conditions. To achieve this aim, a mechanistic understanding of the impact of in vitro
parameters on the predictive capabilities of the assay is required [10,11]. Furthermore,
release test methods with a high resolution for dosage form performances in

physiological media are required.

Currently, there is no standard method for assessing the release kinetics of complex
injectable formulations. Traditional dissolution technologies often fail to adequately
correlate with in vivo release performances of liposomes [6,9,10]. Adjustments to
these test conditions, such as hydrodynamics and media composition, can be made
to enhance predictive accuracy. As per ICH Q14 guidelines, the development of a
robust analytical methodology involves a systematic workflow. Firstly, the quality
attributes of the delivery system must be identified, followed by the selection of
appropriate technologies and their determination within the method-operable design
regions (MODRs). The guideline recommends the implementation of multivariate
experiments using Design of Experiments (DoE) to assess parameter ranges and

potential interactions.

At present, a range of methods, including sample-and-separate, dialysis, and others,

are utilized, tailored to the specific traits of the nanocarrier [9,11]. The analytical
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method may systematically underestimate the release dueto insufficientselectivity for
the liposomes. A recent assay developed by the Nanoparticle Characterization Lab
underthe United States National Institute of Health introduced a separation method
for liposomal doxorubicin thatlikely translates to other drug substancesas well. It uses
deuterated doxorubicin to distinguish between the encapsulated and non-
encapsulated fractions. Still, for many approaches, issues arises particularly from the
formation of larger protein complexes of the drug and analytical errors related to
separation time [12]. Moreover, the adsorption of the analyte or analyte-protein
complexes to membrane or column materials represents a common error source.
These analytical inaccuracies undermine the predictive capability of the assay system
and pose a significant threat to the quality of decision-making. Ultimately, such
shortcomings may elevate the potential for safety risks. To enhance the accuracy and
reliability of release estimations, it is imperative to address these challenges by
refining the analytical methods to improve selectivity and mitigate kinetic errors,
ensuring that the physiological triggers of release are accurately integrated without
compromising the reproducibility and robustness of the in vitro release test method.
These triggers can include, for instance, the diffusion of the drug through the bilayer
membrane, disruption of the membrane due to ongoing degradation or exchange of
phospholipids, as well as the effects of a high-shear environment and collisions of
liposomes with other entities presentin the bloodstream.

Dialysis-based methods are preferred for testing liposome release due to their efficacy
in developing in vitro-in vivo relationships (IVIVRs) [7,8,13—-17]. Several estimations
integrate physiologically-based biopharmaceutics (PBB) models [8,18,19] to predict
the PK of injectable drugs more accurately [20]. Regulatory authorities, including the
US Food and Drug Administration (FDA) and the European Medicines Agency (EMA),
generally support the computational analysis and development of in vitro-in vivo
correlations (IVIVCs) [21] and, in particular,for the evolvingfield of complexinjectables
to enhance dossier submissions. Additionally, these agencies are advocating for the
development of in vitro-in vivo correlations (IVIVCs) for complex injectable drugs to

aid in dossier submissions [19,22].

Traditional deconvolution methods often inadequately estimate absorption kinetics
from liposomal systems [8,23]. Our predictive Design Coversed Optimization and
Deconvolution (DeCODe) model [13,17,20] addresses this gap by extending to
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prednisolone phosphate liposomes and establishing in vitro release specifications
across the drug delivery lifecycle. This current work compares the in vitro and in vivo
release kinetics, systematically altering the in vitro test conditions. This enables a
better understanding of the mechanistic relationships underlying in vitro release and
the biopredictive capabilities of the assay. Release specifications are based on the
early, intermediate, and late phases of the drug delivery lifecycle which are essential
for successful delivery.
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5. Materials and methods
5.1 Materials

Disodium prednisolone phosphate was purchased from Cayman Chemical (Michigan,
USA). Prednisolone (P) and Cholesterol were purchased from Sigma-Aldrich
(Singapore). For liposome preparation, the lipids DPPC and DSPE-PEG-2000 were
purchased from Lipoid GmbH (Ludwigshafen, Germany). Spectra/Por® Biotech
cellulose ester (CE) dialysis tubing with molecular weight cut-offs (MWCO) of 50 kDa
and 300 kDa and with a flat width of 31 mm were purchased from Spectrum Labs
(Rancho Dominguez, USA). Bovine serum albumin (BSA), fetal bovine serum (FBS),
and Penicillin streptomycin (Penstrep®) solution were purchased from Biowest
(Missouri, USA). The Pharma Test Dispersion Releaser (PT-DR) devices were kindly

provided by Pharma Test (Hainburg, Germany). All other reagents were of analytical
or high-performance liquid chromatography (HPLC) grade.

5.2 Preparation and characterization of liposomes

The batches of Prednisolone Phosphate-loaded liposomes were manufactured using
film hydration followed by extrusion as described by Metselaar et al [24]. In summary,
an ethanolic solution of the lipids (DPPC, DPSE-PEG2000, and cholesterol at a
1.85 :0.15 : 1.0 molar ratio), was dried using a rotary evaporator to form a thin film.
After the hydration of the film with an agueous prednisolone phosphate solution
(100 mg/mL), lipid self-assembly, and co-encapsulation of the drug, repeated
extrusion steps were performed using polycarbonate membranes. The free drug was
removed at 4°C by dialysisagainstPBS (10mM, pH 7.4). The resultingliposomeswere
diluted 5000-fold and characterized for their size by dynamic light scattering (DLS)
using a Litesizer™ 500 (Anton Paar GmbH, Graz, Austria) at 25°C and a detection
angle of 173° in plastic disposable cuvettes. The zeta potential was also measured
using the same system in Omega cuvettes. Additionally, the particle size distribution
in PBS and varying concentrations of FBS was determined by nanoparticle tracking
analysis (NTA) at 25°C using a Nanosight NS 300 (Malvern Instruments, Malvern,
UK). The encapsulation and loading were determined by high performance liquid
chromatography (HPLC).

5.3 Analytical methodology



159
160
161
162
163
164
165
166
167
168
169

170
171

172

173
174
175
176
177
178
179
180

181

182
183

184

185

186
187
188
189

The HPLC system (Chromaster, VWR Hitachi, Tokyo, Japan) included a DAD detector
(5430), a pump (5160), an autosampler (5260), and a column oven (5310). A reverse
phase C18 column (Gemini® NX C-18, Phenomenex Ltd., Aschaffenburg, Germany)
with specifications of 150 x 4.6 mm, pore size 110 A, particle size 5 ym and mounted
with a pre-column of the same material were used as stationary phase. A constant
column temperature of 35°C, was maintained throughout the analysis. The mobile
phase consisted of acetonitrile, water, and trifluoroacetic acid (TFA) at a volume ratio
of 25:75:0.1 and the flow rate was set to 1 mL/min. Prednisolone phosphate was
extracted from the biological matrix (FBS and BSA solutions) through protein
precipitation followed by evaporation using a TurboVap® (Caliper Life Sciences,
Hopkinton, USA) under a continuous 10 psig stream of nitrogen and at a bath
temperature at 40°C. The dried samples were reconstituted with mobile phase
followed by analysis. All measurements were conducted in triplicates.

5.4 Release conditions

Before the release study, the in vitro parameters were carefully selected. To mimic the
physiological conditions, PBS, (10mM, pH 7.4) alone or supplemented with FBS in
varying concentrations (10%, 50%, and 90% v/v) were used. To assess the influence
of albumin specifically, PBS, (10mM, pH 7.4) was supplemented with BSA in
concentrations, of 4 g/L, 20 g/L, and 35 g/L. The influence of hydrodynamics was
systematically tested varying the shear stress using 25rpm, 50rpm, and 100rpm.
These parameters were set as independentvariables using acustom L-optimal design

in Design Expertv13.0 (Stat-Ease, Inc., Minnesota, USA).

To assess the influence of the buffer on the release, a 10mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer supplemented with 143 mM sodium
chloride was adjusted to a final osmolarity of 295 mOsmol/kg and pH 7.4.

5.5 Performance testing
5.5.1 Chemical stability of drug

The drug conversion of prednisolone phosphate to prednisolone was evaluated in the
presence of different concentrations of FBS. The experiments were conducted at
37 £0.5°C using a USP dissolution apparatus Il (Pharmatest Apparatebau AG,

Hainburg, Germany) and a stainless steel PT-DR setup with mini-vessel configuraton.
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An adequate volume of prednisolone phosphate solution corresponding to an absolute
dose of 365 pg was diluted with a relevant volume of test media and injected into the
donor chamber. The acceptor chamber was filled with 114mL of dissolution medium.
The donor chamber was sealed with a CE membrane (300kda) using O-rings, and
punctured with a surgical blade. A total volume of 3 mL was added into the donor
chamber usinga 70 mm needle (B Braun, Melsungen, Germany). Samples (0.3 mL)
were collected at 0.08, 0.16, 0.25, 0.5, 1, 2,3, 6, 12, 24, and 48 hr, with similarvolumes
being replenished using fresh media. The collected samples were immediately diluted
with the 3-fold volume of acetonitrile and vortexed, centrifuged at 4°C, at 12,000 x g
for 10 min. Carefully collected supernatantwas evaporated in a continuous stream of
nitrogen (flow gradually adjusted to 10 psig) at 50°C water bath temperature. The
tubes were resuspendedwith 150uL of mobile phase, vortexed, and centrifugedin the
same way described above. The supernatant(125uL) was added to HPLC inserts and

injected into the system.
5.5.2 Stability of Liposomes in release media

A dose of liposome corresponding to 365.41 ug of prednisolone phosphate , diluted to
3mL with release media, was added to the donor compartment of the PT-DR setup
usinga 5 mL syringe (Terumo Corporation, Tokyo, Japan) equipped with a 70mm
needle (B Braun, Melsungen, Germany). The acceptor chambers consisted of mini
vessels filled with 114 mL of test media. The entire setup was placed in a USP
dissolution tester (Pharma Test, Apparatebau AG, Hainburg, Germany) and
maintained at 37°C throughoutthe experiment. At 24hr intervals, a 20pL sample was
drawn from the donor chamber using an 80mm needle (B Braun, Melsungen,
Germany) attached to a 1mL syringe (Terumo Corporation, Tokyo Japan). The size of
these 1000x diluted samples was then characterized by the Nanosight NTA300
(Malvern Panalytical Ltd, Malvern, UK), normalized against a background of

agglomerates from the media.
5.5.3 Membrane permeation testing

Membrane permeation studies for prednisolone phosphate were carried outin various
media compositions. The PT-DR setup mounted on a USP-Il dissolution tester,
(Pharma Test, Apparatebau AG, Hainburg, Germany), equipped with an intact CE
membrane (50kDa and 300Kda), was arranged as previously mentioned. A dose



222
223
224

225
226

227

228
229
230
231
232
233
234
235
236
237

238
239

240

241
242
243
244
245
246
247
248
249
250
251

252

equivalent to 365ug of prednisolone phosphate solution was diluted with release
media to a total volume of 3mL and injected into the donor compartment. Regular
sampling (0.3mL) was performed at time points of 0.08, 0.16, 0.25, 0.5, 1, 2, 3, 6, 12,

24, and 48hr.The samples were processed immediately, following the earlier
described procedure.

5.5.4 Drug release testing

The drug release study was conducted in a stainless-steel PT-DR setup set as
described above. A Liposome dose corresponding to 365.41ug prednisolone
phosphate and diluted to 3mL with relevant release media, was added to the donor
compartment using a 5mL syringe (Terumo Corporation, Tokyo, Japan) mounted with
a 70mm needle (B Braun, Germany). The acceptor chamber was filled with 114mL
relevantmedia andthe whole setupwas mountedon a USP dissolution tester (Pharma
Test, Apparatebau AG, Hainburg, Germany), maintained at 37°C for the whole
duration of the experiment. The shear was varied according to the discrete
combination of design varying shear stress from 25- 100rpm. At regular intervals of
0.08, 0.16,0.25, 0.5, 1, 2, 3, 6, 12, 24, and 48 hours, with equal volume replacement
using fresh media. The samples were processed immediately, as described above
before injecting to HPLC for quantification.

5.5.5 Estimation of the wall shear

The PTDR uses a rotating paddle stirrer to accelerate the membrane transport of
drugs and reduce the interaction with medium components during the release test In
the current investigation, quantifying the shear rate exerted on the dosage form was
necessary. For this purpose, we assume a pure shear flow withoutvortical structures
during the stirring process. Therefore, both radial and axial velocity components can
be neglected compared to its azimuthal componentwhich is used here to quantify the
wall shear. Assuming a non-slip condition for the fluid at both the rotating paddle and
the motionless inner wall of the donor chamber, the azimuthal velocity profile
decreases linearly from its maximum value at the tip of the paddle toward zero at the
innerwall , where the maximum value of the wall shear is expected and is estimated

using the following equation 1:

_ 2nRf
Ty = HU*—— 1
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Here, the wall shear (tw) is defined using the azimuthal velocity of the rotating paddle
blade (v, = 2 m Rf), with (R) theradius, (f ) the frequency, and divided by the gap
size (Ar) between the paddle blade and the inner donor chamber wall. Finally, (u)
refers to the dynamic viscosity which is assumed to be constant for each release

medium.
5.6 Modeling pharmacokinetics of Liposomal Prednisolone Phosphate
5.6.1 Data extraction, software and statistics

Literature data for rat PK profile following a single 5mg/kg intravenous dose of
prednisolone phosphate in liposomal and drug solution was and digitized using Graph
Grabber (v2.0.2, Quintessa, © 2017, Henley-on-Thames, UK). The respective
compartmental model was developed and analyzed for sensitivity and statistics using
Stella® Architect (v3.3, isee systems, Lebanon, USA) and MonolixSuite 2019R2

(Lixoft, Antony, France). The graphs were plotted with OriginPro 2019 (OriginLab
Corporation, Northampton, USA).

5.6.2 Modeling pharmacokinetics of liposome-associated and free drug fractions

The multi-compartment model was based on Nagpal et al. 2023 [8] and designed using
Stella Architect (v3.0.1, isee systems, Lebanon, USA). To estimate plasma release
and carrier elimination rate, the extracted data from Metselaar et al [24] was analyzed
using the PBNB model coded in Mixtran (MonolixSuite 2019R2, Lixoft, Antony,
France). The multi-compartment model comprises a carrier compartment with the
volume of distribution Voc. Voc is assumedto be the physiological plasma volume of

the respective species. The carrier circulation half-life (HL) was calculated as per
equation 2.

Kca =2.303 x (122) 2

The fraction of the drugreleased over time, denoted as F, is estimated usingthe 3RPT
model, as shown in equation 3.

F= (tbt-ll-,m) xc 3

The drug release rate, Krel, is derived from the first derivative of the 3RPT model, as

indicated in equation 4.
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284 Following its release, prednisolone phosphate is rapidly dephosphorylated. This
285 process is modeled using a first-order conversion process. The parameter ranges
286 obtained during the model analysis have been summarized in Table 1.
287 Table 1 Parameters and corresponding ranges utilized in the in silico modeling.
Formulation and study design Parameter Initial value Range Reference
Prednisolone phosphate incubated i
with murine phosphatase k (% 8.22 7-10 [25]
Vor (mL) 1295.64 841.38-1869.9
Prednisolone K12 (h'l) 0.677 0.547-0.766 [24]
(Prednisolone phosphate solution Ka1 (hh) 0.732 0.592-0.865
(5 mg/kg) in male Lewis Rats) kre (hY) 1.06 0.7-1.39
Fiver (%) 2.551 2.377-2.725 [26]
Physiological parameters for .
PBPK modelling Frev (liver) 0.21 0.12-0.27 [27]
288
289 Furthermore, physiologically based parameters were integrated to simulate the liver
290 disposition. The previously published PBNB model [20] was extended with multiple
291 compartments. Since the organ levels of prednisolone afterinjection of the liposomes
292  were unavailable, liver distribution parameters of the liposomes were adopted from
293 liposomal doxorubicin. The liposomal formulations are identical in composition and
294 vary in their payload only. The influx and outflux from and into the liver (KLin, KLout)
295 were calculated using the literature data summarized in
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Table 2: Parameters used in computing hepatic distribution of free prednisolone

Parameter Initial value Range Reference
Relative QH (%) 17.4 13.1-22.4
Card(i;‘ﬁ /r?r;‘tp“t 6624 5040-8040 [27]
Liver tissue density
(g/ml) 1
Rb 0.703 0.693-0.713
Ka (ug/ml) 0.00301 0.00229-0.00373
Bmax (ug/ml) 0.1885 0.1666-0.2104 128]
fu 0.6

KLin was calculated by the following series of equations, which considers liver
perfusion (QH), fraction unbound of prednisolone (fu), and blood-to-plasma
concentration ratio of prednisolone (Rb). To find the hepatic perfusion rate, it was
calculated as a function of cardiac outputin equation 5:

Qy(ml.hr~1) = Relative Q4 (%) X Cardiac output (ml.hr™1) 5

As per the free hormone hypothesis, the free hormone is the entity participating in
interactions with biological membranes in drug distribution, therefore in unbound
concentration of prednisolone in blood (Cu,b) has to be considered. Since fuand Rb of
prednisolone are known [29], the fraction unbound of prednisolone in blood can be
calculated by equation 6, as measured unbound concentration in whole blood and

plasma is equivalent.

1

fu,b=(R_b)Xfu 6

The concentration of prednisolone in blood, (Cb) is calculated by the product of Rb and

plasma concentration of prednisolone (C).
C,=R, x C 7

The unbound concentration of prednisolone in blood (Cub) is determined using
equation 7:

Cup =Fup XCp 8
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The rate of liver presentation, Kiin is subsequently computed by the product of

equations 5 and 8 as presented in equation 9.
KLin = QH X Cu,b 9

In a recent study published by Li et al., ratio of total to unbound drug concentration in
tissues (Kp.,u), was determined using equation 10.

— (Ct_Kd_Bmax )+\/(CT _Kd _Bmax)2+4KdCT

K
pu ZKd

10

Ct is the total concentration of prednisolone in tissue, Kd is the prednisolone-tissue
dissociation rate constant and Bmax is the binding capacity of the tissue for
prednisolone.Equation 11thatdescribes the non-lineartissue binding of prednisolone
[29].

BpaxXC
C;p = Cp + —ax—ut 11
r ul " K, +cCuT

The Unbound concentration of prednisolone in the tissue (Cut) is obtained using
equation 12 accordingly.

C,r = (KCT ) 12

pu

The liver-specific values of Ka and Bmax are summarized in
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Table 2. Kr-out calculated as follows:
K, =QyuxCy(Liver) 13

According to the literature, the accumulation of nanoparticles mediated by
macrophages leads to their disposition primarily in the organs of the RES, such as the
liver and spleen. Therefore, the carrier accumulation, denoted as Kca, is assumed to
be a first-order rate of accumulation intothe RES system. The fraction of nanopatrticles
disposed of by macrophages is modeled by assigning a Liver Fraction (LF). This
fraction modulates both hepatic (Kta) and extra-hepatic accumulations (KeHa). The

relationship between these factors and the overall accumulation and disposition
process in the MPS system is described by equations 14 and 15 as below.

K,, =LF XK., 14

As outlined previously, Kca was adopted form pegylated liposomal doxorubicin by

Siegal et al. [30], assuming similar disposition performance of carrier by liver and to
circumvent the lack of biodistribution data for liposomal prednisolone phosphate.

5.6.3 Influence of prednisolone dephosphorylation

Assuming rapid dephosphorylation of prednisolone phosphate, the released fraction
of the drug can be estimated from the prednisolone concentrations found in the blood
plasma. Hence, further investigations were conducted to accurately model the

dephosphorylation rate and account for the error arising from a misprediction.

Previous works reported that liposomal encapsulation inhibits the dephosphorylation
of prednisolone phosphate to prednisolone by the phosphatases present in the blood
plasma [24,25,31]. Metselaar et al. [24], for instance, highlighted that no free
prednisolone phosphate could be detected in plasmawithin one hourof administration.
However, this rate of dephosphorylationinrats has yet to be adequately characterized
in the literature [25,32]. Smits et al. [32] assumed the dephosphorylation rate to be
instantaneous based on findings from an in vitro investigation on murine
phosphatases. To ensure the robustness of the in silico model developed for
prednisolone phosphate, an intermediate compartment representing released

prednisolone phosphate, between encapsulated prednisolone phosphate and
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dephosphorylated prednisolone in both plasma and liver, was factored in. In the
absence of dephosphorylation data in rats, this was approximated in the model by
taking the plasma half-life of prednisolone phosphate as reported by Metselaar et al.
[24] and estimating rodent phosphatase activity from dephosphorylation rates of
murine phosphatases as reported by Smits et al. [32,33]. To accountfor uncertainty,
an optimization was performed within the concentration ranges found in the blood
plasma. This optimization provides potential local or global optima defined by these
plasma levels. Additionally, the dephosphorylation kinetics was included in the PPSA
(refer to Supplementary Materials, section S1).

5.6.4 Statistical analysis of model fits

To compare the model predictionsto the observations, the absolute average-fold error
AAFE [34] was calculated using equation 16

aare = 105 ior (220 g

The absolute difference of predicted (Pred,t) and observed (Obs,t) plasma
concentrations attime t are calculated. n represents the size of the dataset. An AAFE
of < 3 is has been often used as a threshold value to identify successful simulations
[20,34-36].

5.6.5 Partial Parameter Sensitivity Analysis

Partial parameter sensitivity analysis (PPSA) using the sensitivity analysis mode of
Stella® Architect was performed (discussedin the Supplementary Materials, section
S1). With respect to the primary objective of this investigation, the PPSA was focused
on liver-related drug distribution processes (i.e. the accumulation rate, carrier
sequestration rate, and free drug hepatic influx and efflux rates). The drug release
rate, in addition to the liver-related processes, was varied within a range of £50% to
assess the impact of uncertainty in model parameters on simulations executed using
the model [37].
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6. Results and discussion

Since the 1950s, pharmaceutical scientists have aimed to correlate in vitro dissolution
data with in vivo performance, a challenge intensified by complex drug products [6].
Central to this effort are two pivotal strategies: the use of advanced deconvolution
techniquesforestimating in vivo release [8,13,17,38], andthe design of in vitro models
that accurately represent the release mechanism. This requires careful consideration
of hydrodynamics, media composition, and physiological environment aspects, which
are difficult to replicate in vitro [10,39]. Upon injection, nanocarriers encounter a
dynamic environment characterized by varying mechanical shear and physiological
conditions, essential to the lifecycle of liposomes. This environment significantly
influences their in vivo characteristics, resulting in continuously evolving post-injection
behavior. Although dialysis-based methods are favored, their sensitivity is often
compromised by membrane permeation kinetics [6,11]. This study introduces the PT-
DR technology combined with a validated PBB modeling framework tailored for

liposomal drugs, enhancing the development of IVIVCs through a Quality-by-Design
(QbD) approach.

6.1 Modelling disposition of liposomal prednisolone phosphate

The compartmental model used for PK deconvolution was adapted from a previously
validated framework [8,20], with minor modifications for analyzing the investigational
drug product NanoCort® (refer to Figure 1a) [24]. Several quality parameters indicated
an optimal model fitincludingan AAFE<3 (AAFEcarrier=1.23) [40], as well as the overlay
of observed and predicted plasma profiles presented in Figure 1b and c. They
highlight the plasma concentration-time profiles of prednisolone phosphate (Figure
1b) and prednisolone (Figure 1c), the main metabolite of the drug. Key assumptions
of this prediction include a consistent biopharmaceutical behavior of liposomes
regardless of their payload with the biodistribution pattern being primarily determined
by the composition and structure of the lipid bilayer, rather than the drug molecule
embedded into the aqueous core. Another crucial assumption is that the liposomal
drug predominantly resides in the vascular system, from which prednisolone
phosphate is distributed to various organs through extravasation and release. The

distribution rates were verified using in vivo PK data obtained from the literature (refer
to Figure la and b).
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Figure 1. Graphical schematic of the in silico multi-compartmental model (A). The model consists
compartments representing the carrier and the released fraction of the drug in the central and liver
including the extra-hepatic accumulation of the carrier fraction and distribution of the free drug into the
periphery compartment. Simulated (in orange) plasma concentration-time profiles of Liposome-bound
prednisolone phosphate (B) and free Prednisolone (C) compared against measured (in blue stars) plasma
concentration-time profiles respectively with mean and standard deviation represented by blue shaded
area.Simulated liver concentration-time profiles of liposomal bound Prednisolone phosphate (D) and free
Prednisolone (D).

In clinical settings, the release in the plasma commonly represents the only accessible
in vivo data and is, therefore, better suited for establishing a relationship between in
vitro and in vivo data. The dephosphorylation of prednisolone phosphate was
simulated using accessible in vivo data reported by Smits et al. [32]. The
phosphorylation rate must be considerably higherthan the estimated release rate to

avoid uncertainties in the release estimation.

This was confirmed by both literature data and our own ex vivo investigations in rat
plasma (data not shown). Furthermore, we investigated the influence of
dephosphorylation kinetics in the PPSA (refer to Supplementary Materials, section

S1) and confirmed that even considerable misprediction (x 50%) does not undermine
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the currentsimulation. In the following, the PK parameters derived from the DeCODe

model were systematically used to compare in vitro profiles with in vivo estimations as
described in more detail in section 6.2.

6.2 Model deconvolution

Originally developed to characterize the release from solid oral dispersionsin quality
control scenarios, the RPT equation effectively accommodates diverse release
curves. In the currentstudy, the 3RPT model, an adaptation thatincludesreleaserates
under non-sink conditions, was utilized for the in silico simulation of drug release
behavior from liposomal prednisolone phosphate. The parameters 'm' and 'b’ define
the shape of the release profile, while a third parameter, 'c', accommodates
simulations of dissolution processes under non-sink conditions. All three parameters

are reported in Table 3.

Table 3 PK parameters are estimated by the DeCODe model using differential evolution. AAFE and
individual predictions confirmed the reliability of these estimations.

Referenced study Formulation Parameter Value
ka2 (h) 0.569
i i ka1 (h) 0.852
Prednisolone in plasma Vor (mb) o
(Dephosphorylated <
Prednisolone Phosphate 'IFlleE(g]re)e 0.712
(5mg/kg) in solution) orednisolone 0.004

phosphate) (h)
T12 (Liposomal

prednisolone 24.6
Metselaar et al ph(\)/sDr;h(a:; eL)) () 895
Liver Fraction 0.198
Liposomal Prednisolone kia (hh) 0.00563
Phosphate (5mg/kg) in kcs (h'1) 0.81
solution kiop (h'1) 9.76
m 903
b 0.0222
c 0.443
AAFE(Carrier) 1.23
AAFE(Free) 1.12

The predicted in vivo drug release profile (refer to Figure 2) was coherent with the

release behavior expected of stealth liposomes [3,24].

Still, the released fraction was higherthan observed for similar formulations, such as
Doxil®. At first glance, and based on the preclinical and clinical data, the release of

prednisolone phosphate from the liposomes might appear insignificant due to the
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absence of high concentrations of prednisolone phosphate or prednisolone in the
blood plasma. However, this is explained by the rapid dephosphorylation of
prednisolone phosphate and the 100-fold higher volume of distribution of
prednisolone. Nonetheless, the formulation exhibits prolonged circulation and
controlledrelease behavior[3,20]. This was furthercorroborated by the carrier half-life
of 24.6 hrs as originally published by Metselaar et al [24].

After accounting for the effects of dephosphorylation and distribution, the
deconvoluted release profile acts as a preclinically justified target for dissolution
specifications, enabling a systematic comparison between in vitro release profiles and
realistic estimations of in vivo release. However, the chosen methodology should not
only reflect the rate and extent of release but also replicate similar release
mechanisms. To highlight the sensitivity of the model to the individual model

parameters, a PPSA was conducted and added to the Supplementary Materials,
Section S2.
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Figure 2 Deconvoluted drug release profile representing T-5%, T-20% and T-40%.

The release mechanism of prednisolone phosphate from NanoCort® is likely
influenced by the concentration gradient between the aqueous core and the
bloodstream, particularly during the initial minutes post-injection. It reaches a total
release of more than 40% within 48 hrs. Model analysis confirms that more than 5%
of prednisolone phosphate is released within the first 6 hours post-injection. The rate-
limiting step and primary mechanism of release, however, is the permeation of the

drug through the bilayer membrane. Therefore, membrane integrity plays a crucial
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role. This integrity depends on the presence of serum lipases and acceptor molecules
like albumin, which solubilize phospholipid components of the membrane [41], as well
as the shear stress the liposomes are exposed to during circulation. Accordingly, the

complex interplay between the protein type, concentration,and shear stress was a key
aspect of this investigation.

Given the prolonged circulation time and the impact of gradual disintegration
processes on layer permeability, the study systematically examined the correlation
between release performance at early (T-5%), intermediate (T-20%), and late (T-40%)
stages of release and the in vivo release profile.

6.3 Stability features of NanoCort®

To complementthe in vitro release measurements, we evaluated the chemical stability
of prednisolone phosphate across various release media and analyzed the plasma
protein binding kinetics of prednisolone, the primary metabolite of the drug. This
analysis aimed to estimate the impact of serum on drug degradation, solubilization,
and distribution kinetics. Additionally, the physical stability of the liposomes was

assessed under conditions of low shear.
6.3.1 Chemical Stability of Prednisolone Phosphate

The PT-DR is a dialysis-based setup that enables the testing of dispersed dosage
forms, providing an accurate separation of the nanoparticle fraction from the
dissolution media. It consists of a cylindrical donor compartment containing the
substance to be tested, while the dissolution vessel forms the acceptor compartment.
A dialysismembrane acts as a barrier between the donor and acceptor compartments.
A small paddle stirrer in the donor compartment allows for precise control of shear
forces within the donor compartment. A schematic of the PTDR has been included in

the Supplementary Materials, Section S2.

A solution of prednisolone phosphate was exposed to FBS-supplemented mediain a
PTDR release assay to evaluate the degradation of prednisolone phosphate into
prednisolone. Under high shear conditions, proteins and enzymes are more likely to
reflect the expected real-time metabolism. As anticipated, the rate of prednisolone
formation was highestin release media supplemented with 90% (v/v) FBS, followed

by 50% (v/v) FBS, andthen 10% (v/v) FBS, as shown in Supplementary Materials,
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Figure S3. The chemical stability data contribute an additional dimension to the
analysis of release performances, enabling asensitive distinction between the release
and conversion processes of prednisolone phosphate. The observed conversion of
the drug, especially at high FBS concentration, suggests further metabolic breakdown
of prednisolone into its metabolites. This underscores the analytical challenges
associated with accurately quantifying the released drug in vitro and in vivo. This

challenge was addressed using an integration of the in vivo conversion rates into the
DeCODe model.

6.3.1 Membrane Permeation and Plasma Protein Binding Kinetics

Like most dialysis setups, the membrane permeation kinetics of drugs inthe PT-DR
depends on the material attributes as well as the MWCO of the membrane.
Furthermore, interactions between the medium and the membrane may occur. The
elevated shear rate in the donor compartment of the PT-DR reduces membrane
adsorption and, consequently, the analytical error arising from a prolonged separation
of the free drug from the dosage form. However, a certain delay due to membrane
permeation is to be expected. To accountforissues, drug permeation was measured
under various conditions, determining the permeation in the absence and presence of
various protein concentrations (refer to Table 4). This lays the groundwork for
understanding the role of proteins in the drug release behavior of liposomal

prednisolone phosphate.

The formation of a protein corona plays a key role in the disposition kinetics of
nanomedicines. The effect of proteins, however, extends beyond affecting cellular
interactions and also contributes to a diffusion layer thatimpedes the permeation and
release of prednisolone phosphate. Additionally, proteins can serve as an acceptor
phase for poorly soluble drugs [14], such as prednisolone, with profound implications
for the conversion kinetics of the drug. Therefore, it is imperative to conduct in vitro
kinetic measurements of protein binding to accurately identify the factors influencing
release behavior. This will enable the assessment of permeation -related unboundand
bound fractions and facilitate the development of more comprehensive PBB models
based on high-resolution in vitro data. Such models, with enhanced resolution, are

crucial for establishing more accurate correlations.
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To quantify the retention of prednisolone phosphate and its metabolites bound to
serum proteins during the release process, it is beneficial to perform permeation
experiments utilizing membranes with varying pore sizes. It has been established that
a membrane with a MWCO of 50 kDa, effectively retains the albumin-bound fraction
of drugs [14]. Conversely, a MWCO of 300 kDa allows for the permeation of the
albumin-bound drug fraction. Within this experimental setup, two primary sources of
error must be acknowledged. Firstly, the potential for plasma proteins to affect
membrane permeation through interactions with the dialysis membrane warrants
consideration. To mitigate this, permeation studies have been conducted with
solutions of the drug in its free form. Furthermore, to evaluate the influence of serum
proteins on drug permeation, comparative studies were conducted in PBS at a pH of
7.4, supplemented with BSA at varying concentrations: 0 g/L, 4 g/L, 20 g/L, and 35
g/L.

Expectedly, in the absence of proteins, the permeation profiles were very similar for
both membranes (refer to Figure 3a). Increasing protein concentrations led to a
retention of the protein-bound fraction and delayed permeation (Figure 3b-d). At a
concentration of 35g/L, approximately 80% of the drug permeated through the 50 kDa

membrane. Such adelay in drugtransferwas also reflected by a change in membrane
permeation rate constants with increasing protein concentration (referto Table 4).

Table 4 Membrane permeation constant (Km), calculated for drug permeation experiment conducted in
various conditions using PT-DR mounted with either 50kDa or 300kDa cellulose ester membrane.

Condition 50kDa (x10cm?/hr) 300K da (x10cm?/hr)
PBS 0.786 +£0.019 0.872 £0.134
PBS + 4g/L BSA 0.766 + 0.088 0.836 + 0.049
PBS + 20g/L BSA 0.59+0.171 0.708 +£0.113
PBS + 35g/L BSA 0.323 + 0.064 0.44 £ 0.024

The combined approach of investigating the impact of proteins on plasma protein
binding and release has been illustrated in Figure 3e. On the left, the diagram
highlights the process of drug complexation by serum proteins. In the in vivo setting,
the formation of a protein-bound fraction is anticipated to reduce both tissue exposure
and the pharmacological effectiveness of the drug. This effect is expected to be less
pronounced during the early phase, as protein binding unfolds over a relatively

extended period. The kinetics of free drug permeation through the dialysis membrane
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are altered as well suggesting the importance of protein-membrane interaction as an
analytical error source (Figure 3e). This challenge can be addressed by comparing
the permeation rates across membranes with two distinctpore sizes, offeringamethod

to quantify the effect of these interactions (refer to Table 4).

A second source of error is the changing permeability of dialysis membrane over time
[14]. Prior investigations have highlighted that the time window for kinetic
measurements of drug-protein transfer should be limited to 8hr [14], beyond which
swelling of the membrane material in the PTDR significantly affects protein
permeation. Therefore, all measurements were conducted over 6 hr to ensure that

changes in the membrane permeation rate do not influence the results.

To evaluate the impact of protein concentration on the binding kinetics, we assessed
drug permeation at multiple concentrations, calculating the percentage of drug
retention. Finally, the retention data was then extrapolated to a physiological serum
concentration of 40 g/L (Figure 3f). With time the drugretention was foundtoincrease.

On average about 10% of the released prednisolone phosphate is bound to proteins
in the high-shear in vitro environment of the PTDR.
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Figure 3. Drug permeation profiles in PBS (a), BSA supplemented mediain concentrations of 4g/L (b), 20g/L
(c) and 35g/L (d). The permeation experiment was conducted in 50kDa (Red), and in 300kDa (Black) CE
membranein a PT-DR setup (e). The free drug permeation across the membraneis alteredin the presence
of serum components, leading to retention. Upon release, the drug diffuses across the liposomal bilayer
at a defined rate (Ka) followed by membrane permeation (Kn), in the presence of shear occurs an initial
burst. The performance is measured as the apparent drug release, influenced by shear and media
composition. An interplay of serum proteins and shear leads to increased interparticle collisions and shear
shielding by serum proteins. The kinetic protein binding (f) is calculated by permeation difference across
50kDaand 300kDa CEmembrane over timein the presence of varied protein concentrations, this has been
extrapolated to physiological concentration (40g/L).

On theright, Figure 3e depicts the protective role of the serum protein corona around
liposomal prednisolone phosphate, demonstrating their impact on inter-liposomal
collisions through shear shielding. This protein corona formation thus acts as a
safeguard for the integrity of the liposomal delivery system. These aspects will be
discussed in the later sections. Regrettably, the lack of corresponding in vivo data
inhibits the formulation of definitive conclusions about the applicability of our
observations on the role of serum proteinsin in vivo settings. Nonetheless, itis highly
probable that the phenomena observed in vitro also manifest in vivo, providing

valuable insights into the complex mechanisms governing the drug release process.

6.3.2 Liposomal stability



612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

628

629
630
631
632

633

634
635
636

The physical stability of the carrier system was evaluated using NTA followinga 1000-
fold dilution of the dispersion. To adjust for the presence of serum proteins in the
samples, background measurements were conducted. Figure 4a displays the
measurement of liposomes in the absence of serum background, where significantly
higher concentrations were noted. Selection of relevant particle traces was based on
their intensity and concentration. An initial slightincrease in the average particle size
was noted after 24 hours. This is likely due to the adsorption of serum components
and confirms the formation of the protein corona [42,43]. It was followed by a more
pronounced increase at prolonged incubation times (48 and 96 hours, as illustrated in
Figure 4b) , suggesting a potential rearrangement of the lipid bilayer in response to
continuous shear [44]. The minimal difference in particle size increase with serum
concentrations above 50% suggests a potential surface saturation. A slightincrease
in particle size was observed with PBS, indicating negligible adsorption on the surface
and thus primarily reflecting the influence of shear. Overall, the formulaton

demonstrated sufficient stability throughout the duration of the in vitro release kinetics

experiment.
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Figure 4: Physicochemical characterization of PLP, with D10, D50, and D90 measured using Nanoparticle
Tracking Analysis (NTA NS300, Malvern Panalytical, Malvern, UK) (A). Liposomes characterized for particle
size (B) over time in different media compositions, PBS supplemented with FBS (10%), FBS (50%), and
FBS (90%).

6.4 Performance predictive assay
Liposomal prednisolone phosphate, like other nanomedicines, circulates in the

bloodstream in a pharmacologically inactive form. The pharmacological effects and

mode of action are critically determined by the fraction of the drug released either
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before or after accumulation at the target site. Clinical pharmacokinetics are typically
measured in the plasma, making this the most suitable environmentfor establishing
clinically relevantrelease test methods. While furtherinvestigations into the mode of
action at the target site are essential for advancing a drug product, the current work
focuses on developing and optimizing release test methods with enhanced

biopredictive capabilities.

Although numerous physiological parameters come into play, the in vitro release setup
emphasizes the most likely rate-limiting steps in the in vivo release. Media and
apparatus are vital to replicating selected aspects of the physiological environment,
ensuring accurate simulation of microenvironmental conditions. For instance,
hydrodynamic shearcan compromise liposomalintegrity, thereby initiating the release
of the encapsulated drug. Concurrently, the phenomenon of shear shielding, resulting
from protein adsorption on liposome surfaces, may also influence release dynamics.
In silico deconvolution of the PK was instrumental in estimating the in vivo drug
release, layingthe groundworkfor the developmentof a performance-predictive assay
for liposomal prednisolone phosphate. Subsequently, variations in the in vitro test
conditions and their resulting release profiles are systematically compared to the in

vivo release using a DoE approach. This comparison aims to delineate the optimal
conditions for in vitro release.

6.4.1 Optimization of predictive power

The PTDR (Figure 5a) enables the measurementof the drug release from liposomal
prednisolone phosphate in a well-defined environment. As compared to other dialysis-
based methods, the shear rate in the donor chamber can be accurately controlled by
altering the stirring rate. In addition to changing this parameter, other independent
variables were introduced. The fishbone diagram (Figure 5b) outlines the variables
investigated using an L-optimal design (refer to Figure 5c). A total of 21 drug release

experiments were conducted.

The composition of the release media was altered by supplementing PBS (pH 7.4,
Figure 5d) with varying concentrations of FBS and BSA. The buffer system mimics
the pH and osmolarity of the physiological setting. Serum comprises a variety of

proteins and enzymes involved in the dephosphorylation of the drug as well as the
degradation of lipid components.
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Serum concentrationswere examined at several levels, including 10% (pH 7.4, Figure
5e), 50% (Figure 5f), and 90% Figure 5g). Pastresearch hasshown thatbiopredictive
methods necessitate a specific serum background level [8,13,45]. Additionally, it is
widely recognized that albumin functions as a carrier protein in the drug release
process. Consequently, we added BSA (Figure 5h-j), which provides binding sites for

numerous drug molecules, yet lacks the enzymatic activity found in serum.
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Figure 5. Quality-by-design based development of biorelevant drug release assay using PT-DR (A) by
defining independent variable using fishbone diagram (B). The manufactured liposomes were tested using
PT-DR setup (A), in various test conditions by design of experiments (C). The plots for cumulative drug
releasetesting for various test conditions including PBS (D), supplemented with FBS (E, F, G) and BSA (H,
I, J) or changing to a non-ionic buffer system (K).

One concern during the design of the study was the potential impact of elevated
phosphate concentrations on the release of prednisolone phosphate, as the

dephosphorylation could be hindered by a strong phosphate background. To address
this, we also tested the release in HEPES buffer (Figure 5k).

The shear rate significantly influences intravenously administered delivery systems,
which experience consistentdistribution across a narrow capillary network at varying
velocities. The PT-DR system provides a high-shear environment, and the shear
stress was adjusted across three levels (25-100 rpm) to refine the release conditions.

The differentstirring rates are highlighted in different colors (refer to the red, blue, and
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black solid linesin Figure 5d-k). We focused on examining the effects of shear and
the shear-shielding properties of proteins. This involves exploring the potential
interaction between the stirring rate and protein concentration, regardless of the
protein type. This will be discussed in the later section. The fraction released
comprised of both, prednisolone phosphate and prednisolone. Based on a common
three-point specifications framework, target responses included the time of release at
5% (T-5%), 20% (T-20%), and 40% release (T-40%). These were compared to the in
vivo release obtained by deconvolution of the PK. The release was monitored over
48hr.

6.4.2 The interplay of shear and media composition over release performance

Elevated shear rates accelerated the release, potentially due to the accelerated
diffusion of drug molecules and the rising number of collision events in the donor
chamber. A change in the medium composition may also trigger the release of lipid
components from the liposomes as well as the degradation of the carrier material.
However, the shape of the release curve was retained. This suggests the same
release mechanism atvarying conditions and is the desired aim of in vitro accelerated
conditions. The interplay of shear and media composition was studied across the
design space. Time-dependent trends were observed across various release media
(Figure 5d-k).

The early phase

In the early release phase, an initial '‘burst effect’' was noted, characterized by rapid
drug diffusion immediately following dose administration. This phenomenon, more
pronounced at higher shear rates, significantly influences the early release phase
(from T-5% to T-20%). Such a burst effectis often indicative of potential qualityissues.
When BSA or FBS were added, only minimal responses to varying stirring rates were
observed at T-5%. This observation was further corroborated by the 3D response
surface plots, which indicated that during the early phase (T-5%), increases in BSA
concentrations and shear rates did not markedly impact drug release (Figure 6, a, d,
blue zone). In the case of FBS, a weak response was observed at high serum
concentrations and shear rates only (Figure 6, b and e, green zone). Among the
variousfactors influencing drug release from liposomes, two processes are particulary

rapid following the injection into the donor chamber: the diffusion of the drug into the
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medium, and the adsorption of proteins onto the liposome surfaces. The adsorption of
proteins is likely to resultin delayed drug release, primarily due to the formation of a
progressively thicker diffusion boundary layer. This layer acts as a batrrier, slowing the
diffusion of the drug from the liposome to the external environment. This could be the
reason for this slight delay. While the residuals plot shows a good correlation,
indicating an optimal data fit (Figure 6c), the predictive power (Figure 6f) was poor
due to the non-significant performance differences. With increasing shear, a burst
effect is observed at T-5% and T-20% in almost all experiments, which is slightly
compensated by increasing protein and serum concentrations. Shear shielding was
most pronounced with media comprising 90% FBS. Furthermore, this shear shielding
effect is pronouncedin the T-20% zone. Despite higher shear, the shape of various
release profiles is almost identical. This is also evident with media comprising 50%
FBS. Overall, T-5% is a relatively insensitive parameter and does not exhibit a

considerable response to variations in shear.

BSA (g/L) vs Shear (rpm) FBS (% v/v) vs Shear (rpm) Residual Plot

a T T~ b ot . c o ot of R

Figure 6. Response surface optimization plot for assessing the interplay between serum components
(BSA, %g/L and FBS, % v/v) and shear (rpm) at early phase of release profile represented by T-5%. The 3D
response surface plots for BSA vs Shear (a) and FBS vs Shear (b) and its respective contour plots (d , e).
The residual plots for model fits (c) and predicted vs observed/actual (f) show the adequacy of model
design and accuracy of predictions/extrapolations.

The intermediate phase
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The intermediate stage, spanning fromT-20% to T-40%, offers the clearestinsightinto
the fundamental release mechanism. In the in vivo setting, this period predominanty
impacts circulation time and disposition performance. While the burst effect often
correlates with safety concernsin follow-on products, efficacy is largely determined by
the efficiency of drug delivery. Therefore, the intermediate to late stages are important
indicators regarding the safety and efficacy of the formulation. It is significanty
influenced by the shear and with a pronounced burst effect. As indicated by the
response surface plots, at zero to low concentrations of BSA, an increase in shear
stress from 25rpm to 100rpm (Figure 7a and d, blue zone) significantly reduces the
time to reach 20% release (T-20%). This suggests a reduced interaction with the
dynamic protein corona or a decrease in the shear shielding by proteins. This effectis
further pronounced with FBS (Figure 7b and e, yellow zone) at T-20% to T-40% and
could be due to a saturation of protein-binding surfaces or agglomeration of media
componentsin vitro. Optimal model fit (Figure 7c), and predictive power (Figure 7f)
were observed for the model.

BSA (g/L) vs Shear (rpm) FBS (% v/v) vs Shear (rpm) Residual Plot
a b . c S
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Figure 7. Response surface optimization plot for assessing the interplay between serum components
(BSA, %g/L and FBS, % v/v) and shear (rpm) at intermediate phase of release profile represented by T-20%.
The 3Dresponse surface plots for BSA vs Shear (a) and FBS vs Shear (b) and its respective contour plots
(d, e). The residual plots for model fits (c) and predicted vs observed/actual (f) show the adequacy of model
design and accuracy of predictions/extrapolations.



764

765
766
767

768
769
770

771
772

773

774
775
776
777
778

779
780
781
782
783
784

The late phase

T-40% and beyond represents the late stage of the release and is indicative of the
overall release performance of the formulation. It provides information on the
remaining circulating fraction which is mainly responsible for drug targeting effects.

Consequently, the increasing shear has little to no influence. However, the shear
shielding is actually lowered with constant high shear, corresponding to reduced
interaction of serum components with liposomes. Therefore, in the presence of media

supplemented with BSA, higher protein concentrations are not in line with the shear
shielding effect observed with serum (Figure 8a, d).

BSA (g/L) vs Shear (rpm) FBS (% v/v) vs Shear (rpm) Residual Plot

Figure 8. Response surface optimization plot for assessing the interplay between serum components
(BSA, %g/L and FBS, % v/v) and shear (rpm) at late phase of release profile represented by T-40%. The 3D
response surface plots for BSA vs Shear (a) and FBS vs Shear (b) and its respective contour plots (d , e).
The residual plots for model fits (c) and predicted vs observed/actual (f) show the adequacy of model
design and accuracy of predictions/extrapolations.

Using 3-D response surface plots a similar trend was observed, and the shear
shielding by media components as described above is significant with increasing
incubation time and increased interaction at low shear (Figure 8a, d, green zone). A
significant impact was observed with low to intermediate shear and 50% FBS-
supplemented mediawhich isin line with the hypothesis stated above. Shearshielding

arises from the formation of a protein corona, which acts as a compressible buffer
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between the liposomal carriers, thereby affecting the release dynamics of the
encapsulated drug. These effects are more pronounced at lower stirring rates and
wear off at higher shear for both, BSA and FBS (Figure 8b, e, red and yellow zone).
As a result of the interplay of shear and serum components a certain shear shielding
effect is observed. Such shear shielding impacts the performance drastically in the
intermediate phase, from T-5% to T20%, where most adsorption of proteinson surface
of nanocarrier takes place with the sufficienttime for incubation. The model fits were
foundto be good (Figure 8c) with excellent predictability (Figure 8f) at response T-
40%.

Such an investigation is an interesting finding for establishing a biorelevant release
testing condition. The interplay of shear shielding with increasing concentration of
serum components and incubation time is a dynamic process, which is important to
be assessed in a dynamic study to set up the real biorelevantrelease conditions for
nanoparticles. This unique interplay was studied with the QbD pertaining to influence
of independent variable on quality attributes (T-5%, T-20% and T-40%).

6.4.3 Optimal biorelevant conditions

The interplay of shear and blood components was assessed to identify biopredictive
release conditions for liposomal prednisolone phosphate . Based on the finding
presented above, as compared to FBS, BSAhas only little shear shielding effects,and
does not lead to a sufficient prediction of the in vivo effects. Therefore, FBS was
considered essential in designing biopredictive media. They exhibit adequate
discrimination in the early (up to T-5%), intermediate (up to T-20%), and late phase
(T40%). The desirability plot (Figure 9a) suggests a medium comprising 50% of FBS
anda stirring rate of 50 rpm as most beneficial forthetesting of liposomal prednisolone
phosphate formulations. T5% (Figure 9b), however, is relatively insensitive,
potentially due to analytical limitations. The burst effect is more apparent in T-20%
(Figure 9c). T-20% and T-40% (Figure 9d) suggest that using 50% FBS brings the
release profile in close alignment with the in vivo release.
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Figure 9. Optimization of Analytical QbD model for assessing the biorelevant conditions. The desirability
plot (a) suggest, highest desirability at 50rpm and 50% FBS supplementation. The optimization was carried
across early, T-5% (b), intermediate, T-20% (c), T-40%, late phase (d) of drug release. Compared to
deconvolution performancefrom in silico modeling, the desirability was computed. The blue and red zone
represent higher difference between deconvolution and observed data. The green zone represent the lower

difference.

7. Conclusion

This study presents an effective combinatorial approach for designing biopredictive
drug release methods for liposomal prednisolone phosphate, incorporating the
DeCODe model to align ourfindings with in vivo data and define a design space. Our
investigation reveals the critical role of protein adsorption, metabolism, and shear
forces in influencing drug release and liposomal stability, with the effect of serum
components being predominantly linked to shear rather than direct drug-protein

interactions. This is likely due to the high aqueous solubility of prednisolone
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phosphate. Notably, the type of protein, whether albumin or FBS, significantly impacts
the release, with FBS exerting a more pronounced effectduring the extended release
phases. This delay in release corresponds to literature reports indicatingthe formation
of a protein corona that serves as an additional diffusion layer on the surface of
liposomes. Alternatively, it could be attributed to a shear shielding effect that protects
the integrity of the liposomes. Our study further refines analytical QbD strategies to
mirror physiological protein concentrations accurately, and identifies potential errors
in dialysis-based assays. Additionally, we demonstrated that conditions of

intermediate shear (50 rpm) in PBS (10mM, pH 7.4) supplemented with 50% v/iv FBS
are optimal for evaluating the performance of NanoCort®.
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