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1. Abstract 27 

Predictive performance assays are crucial for the swift development and approval of 28 

nanomedicines and their bioequivalent successors. At present, there are no 29 

established compendial methods that provide a reliable standard for comparing and 30 

selecting these formulation prototypes, and a comprehensive understanding of the 31 

relevant in vivo release conditions is still incomplete. Consequently, extensive animal 32 

studies, with enhanced analytical resolution for both, released and encapsulated drug, 33 

are necessary to assess bioequivalence. This significantly raises the cost and duration 34 

of nanomedicine development. The present work describes the development of a 35 

discriminatory and biopredictive release test method for liposomal prednisolone 36 

phosphate. A model-informed selection of target criteria for medium and test 37 

conditions was used. The experimental design involved a discreate L-optimal 38 

configuration to refine the analytical method. A three-point specification covered the 39 

most important phases of the in vivo release. The early (T-5%), intermediate (T-20%), 40 

and late release behavior (T-40%) were evaluated against the in vivo release profile 41 

of the reference product NanoCort®. Various levels of shear responses and the 42 

influence of clinically relevant release media compositions were tested. This enabled 43 

an assessment of the shear shielding effect of proteins on the release, an essential 44 

aspect of their in vivo deformation and release behavior. Fetal bovine serum had the 45 

strongest impact on the discriminatory performance at intermediate shear conditions. 46 

The method provided deep insights into the release response of liposomes and offers 47 

an interesting workflow for in vitro bioequivalence evaluation. 48 
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4.  Introduction 53 

Liposomes are lipid vesicles that encapsulate at least one aqueous compartment 54 

within one or more lipid bilayers [1,2]. In addition to phospholipids, additives such as 55 

cholesterol or surfactants can be added to alter the membrane structure and release 56 

behavior [3]. Variations in pharmaceutical quality including size, size distribution, 57 

surface charge, composition, and membrane fluidity, have been recognized to affect 58 

the pharmacokinetics (PK) of liposomes [4,5]. Therefore, comprehensive 59 

characterization of these attributes, along with the development of assays predictive 60 

of the in vivo performance, is crucial for creating safe and effective delivery systems 61 

[6–8]. 62 

Phase I clinical trials provide highly detailed information regarding dosage form 63 

performances. Plasma concentrations in a small patient population over time are more 64 

sensitive to changes in the physicochemical characteristics of the drug product than 65 

pharmacodynamic outcomes in Phase II-IV trials. Therefore, release test methods that 66 

mimic plasma release performance are most suitable for establishing clinically relevant 67 

conditions. To achieve this aim, a mechanistic understanding of the impact of in vitro 68 

parameters on the predictive capabilities of the assay is required [10,11]. Furthermore, 69 

release test methods with a high resolution for dosage form performances in 70 

physiological media are required.  71 

Currently, there is no standard method for assessing the release kinetics of complex 72 

injectable formulations. Traditional dissolution technologies often fail to adequately 73 

correlate with in vivo release performances of liposomes [6,9,10]. Adjustments to 74 

these test conditions, such as hydrodynamics and media composition, can be made 75 

to enhance predictive accuracy. As per ICH Q14 guidelines, the development of a 76 

robust analytical methodology involves a systematic workflow. Firstly, the quality 77 

attributes of the delivery system must be identified, followed by the selection of 78 

appropriate technologies and their determination within the method-operable design 79 

regions (MODRs). The guideline recommends the implementation of multivariate 80 

experiments using Design of Experiments (DoE) to assess parameter ranges and 81 

potential interactions. 82 

At present, a range of methods, including sample-and-separate, dialysis, and others, 83 

are utilized, tailored to the specific traits of the nanocarrier [9,11]. The analytical 84 



method may systematically underestimate the release due to insufficient selectivity for 85 

the liposomes. A recent assay developed by the Nanoparticle Characterization Lab 86 

under the United States National Institute of Health introduced a separation method 87 

for liposomal doxorubicin that likely translates to other drug substances as well. It uses 88 

deuterated doxorubicin to distinguish between the encapsulated and non-89 

encapsulated fractions. Still, for many approaches, issues arises particularly from the 90 

formation of larger protein complexes of the drug and analytical errors related to 91 

separation time  [12]. Moreover, the adsorption of the analyte or analyte-protein 92 

complexes to membrane or column materials represents a common error source. 93 

These analytical inaccuracies undermine the predictive capability of the assay system 94 

and pose a significant threat to the quality of decision -making. Ultimately, such 95 

shortcomings may elevate the potential for safety risks. To enhance the accuracy and 96 

reliability of release estimations, it is imperative to address these challenges by 97 

refining the analytical methods to improve selectivity and mitigate kinetic errors, 98 

ensuring that the physiological triggers of release are accurately integrated without 99 

compromising the reproducibility and robustness of the in vitro release test method. 100 

These triggers can include, for instance, the diffusion of the drug through the bilayer 101 

membrane, disruption of the membrane due to ongoing degradation or exchange of 102 

phospholipids, as well as the effects of a high-shear environment and collisions of 103 

liposomes with other entities present in the bloodstream.  104 

Dialysis-based methods are preferred for testing liposome release due to their efficacy 105 

in developing in vitro-in vivo relationships (IVIVRs) [7,8,13–17]. Several estimations 106 

integrate physiologically-based biopharmaceutics (PBB) models [8,18,19] to predict 107 

the PK of injectable drugs more accurately [20]. Regulatory authorities, including the 108 

US Food and Drug Administration (FDA) and the European Medicines Agency (EMA), 109 

generally support the computational analysis and development of in vitro-in vivo 110 

correlations (IVIVCs) [21] and, in particular, for the evolving field of complex injectables 111 

to enhance dossier submissions. Additionally, these agencies are advocating for the 112 

development of in vitro-in vivo correlations (IVIVCs) for complex injectable drugs to 113 

aid in dossier submissions [19,22].  114 

Traditional deconvolution methods often inadequately estimate absorption kinetics 115 

from liposomal systems [8,23]. Our predictive Design Coversed Optimization and 116 

Deconvolution (DeCODe) model [13,17,20] addresses this gap by extending to 117 



prednisolone phosphate liposomes and establishing in vitro release specifications 118 

across the drug delivery lifecycle. This current work compares the in vitro and in vivo 119 

release kinetics, systematically altering the in vitro test conditions. This enables a 120 

better understanding of the mechanistic relationships underlying in vitro release and 121 

the biopredictive capabilities of the assay. Release specifications are based on the  122 

early, intermediate, and late phases of the drug delivery lifecycle which are essential 123 

for successful delivery. 124 

 125 

 126 

  127 



5. Materials and methods 128 

5.1 Materials 129 

Disodium prednisolone phosphate was purchased from Cayman Chemical (Michigan, 130 

USA). Prednisolone (P) and Cholesterol were purchased from Sigma-Aldrich 131 

(Singapore). For liposome preparation, the lipids DPPC and DSPE-PEG-2000 were 132 

purchased from Lipoid GmbH (Ludwigshafen, Germany). Spectra/Por® Biotech 133 

cellulose ester (CE) dialysis tubing with molecular weight cut-offs (MWCO) of 50 kDa 134 

and 300 kDa and with a flat width of 31 mm were purchased from Spectrum Labs 135 

(Rancho Dominguez, USA). Bovine serum albumin (BSA), fetal bovine serum (FBS), 136 

and Penicillin streptomycin (Penstrep®) solution were purchased from Biowest 137 

(Missouri, USA). The Pharma Test Dispersion Releaser (PT-DR) devices were kindly 138 

provided by Pharma Test (Hainburg, Germany). All other reagents were of analytical 139 

or high-performance liquid chromatography (HPLC) grade. 140 

5.2 Preparation and characterization of liposomes 141 

The batches of Prednisolone Phosphate-loaded liposomes were manufactured using 142 

film hydration followed by extrusion as described by Metselaar et al [24]. In summary, 143 

an ethanolic solution of the lipids (DPPC, DPSE-PEG2000, and cholesterol at a 144 

1.85 : 0.15 : 1.0 molar ratio), was dried using a rotary evaporator to form a thin film. 145 

After the hydration of the film with an aqueous prednisolone phosphate solution 146 

(100 mg/mL), lipid self-assembly, and co-encapsulation of the drug, repeated 147 

extrusion steps were performed using polycarbonate membranes. The free drug was 148 

removed at 4°C by dialysis against PBS (10mM, pH 7.4). The resulting liposomes were 149 

diluted 5000-fold and characterized for their size by dynamic light scattering (DLS) 150 

using a Litesizer™ 500 (Anton Paar GmbH, Graz, Austria) at 25°C and a detection 151 

angle of 173° in plastic disposable cuvettes. The zeta potential was also measured 152 

using the same system in Omega cuvettes. Additionally, the particle size distribution 153 

in PBS and varying concentrations of FBS was determined by nanoparticle tracking 154 

analysis (NTA) at 25°C using a Nanosight NS 300 (Malvern Instruments, Malvern, 155 

UK). The encapsulation and loading were determined by high performance liquid 156 

chromatography (HPLC). 157 

5.3 Analytical methodology 158 



The HPLC system (Chromaster, VWR Hitachi, Tokyo, Japan) included a DAD detector 159 

(5430), a pump (5160), an autosampler (5260), and a column oven (5310). A reverse 160 

phase C18 column (Gemini® NX C-18, Phenomenex Ltd., Aschaffenburg, Germany) 161 

with specifications of 150 x 4.6 mm, pore size 110 Å, particle size 5 µm and mounted 162 

with a pre-column of the same material were used as stationary phase. A constant 163 

column temperature of 35°C, was maintained throughout the analysis. The mobile 164 

phase consisted of acetonitrile, water, and trifluoroacetic acid (TFA) at a volume ratio 165 

of 25:75:0.1 and the flow rate was set to 1 mL/min. Prednisolone phosphate was 166 

extracted from the biological matrix (FBS and BSA solutions) through protein 167 

precipitation followed by evaporation using a TurboVap® (Caliper Life Sciences, 168 

Hopkinton, USA) under a continuous 10 psig stream of nitrogen and at a bath 169 

temperature at 40°C. The dried samples were reconstituted with mobile phase 170 

followed by analysis. All measurements were conducted in triplicates. 171 

5.4 Release conditions 172 

Before the release study, the in vitro parameters were carefully selected. To mimic the 173 

physiological conditions, PBS, (10mM, pH 7.4) alone or supplemented with FBS in 174 

varying concentrations (10%, 50%, and 90% v/v) were used. To assess the influence 175 

of albumin specifically, PBS, (10mM, pH 7.4) was supplemented with BSA in 176 

concentrations, of 4 g/L, 20 g/L, and 35 g/L. The influence of hydrodynamics was 177 

systematically tested varying the shear stress using 25rpm, 50rpm, and 100rpm. 178 

These parameters were set as independent variables using a custom L-optimal design 179 

in Design Expert v13.0 (Stat-Ease, Inc., Minnesota, USA). 180 

To assess the influence of the buffer on the release, a 10mM 4-(2-hydroxyethyl)-1-181 

piperazineethanesulfonic acid (HEPES) buffer supplemented with 143 mM sodium 182 

chloride was adjusted to a final osmolarity of 295 mOsmol/kg and pH 7.4.  183 

5.5 Performance testing 184 

5.5.1 Chemical stability of drug 185 

The drug conversion of prednisolone phosphate to prednisolone was evaluated in the 186 

presence of different concentrations of FBS. The experiments were conducted at 187 

37 ± 0.5°C using a USP dissolution apparatus II (Pharmatest Apparatebau AG, 188 

Hainburg, Germany) and a stainless steel PT-DR setup with mini-vessel configuration. 189 



An adequate volume of prednisolone phosphate solution corresponding to an absolute 190 

dose of 365 µg was diluted with a relevant volume of test media and injected into the 191 

donor chamber. The acceptor chamber was filled with 114mL of dissolution medium. 192 

The donor chamber was sealed with a CE membrane (300kda) using O-rings, and 193 

punctured with a surgical blade. A total volume of 3 mL was added into the donor 194 

chamber using a 70 mm needle (B Braun, Melsungen, Germany). Samples (0.3 mL) 195 

were collected at 0.08, 0.16, 0.25, 0.5, 1, 2, 3, 6, 12, 24, and 48 hr, with similar volumes 196 

being replenished using fresh media. The collected samples were immediately diluted 197 

with the 3-fold volume of acetonitrile and vortexed, centrifuged at 4°C, at 12,000 × g 198 

for 10 min. Carefully collected supernatant was evaporated in a continuous stream of 199 

nitrogen (flow gradually adjusted to 10 psig) at 50°C water bath temperature. The 200 

tubes were resuspended with 150µL of mobile phase, vortexed, and centrifuged in the 201 

same way described above. The supernatant (125µL) was added to HPLC inserts and 202 

injected into the system. 203 

5.5.2 Stability of Liposomes in release media 204 

A dose of liposome corresponding to 365.41 µg of prednisolone phosphate , diluted to 205 

3mL with release media, was added to the donor compartment of the PT-DR setup 206 

using a 5 mL syringe (Terumo Corporation, Tokyo, Japan) equipped with a 70mm 207 

needle (B Braun, Melsungen, Germany). The acceptor chambers consisted of mini 208 

vessels filled with 114 mL of test media. The entire setup was placed in a USP 209 

dissolution tester (Pharma Test, Apparatebau AG, Hainburg, Germany) and 210 

maintained at 37°C throughout the experiment. At 24hr intervals, a 20µL sample was 211 

drawn from the donor chamber using an 80mm needle (B Braun, Melsungen, 212 

Germany) attached to a 1mL syringe (Terumo Corporation, Tokyo Japan). The size of 213 

these 1000x diluted samples was then characterized by the Nanosight NTA300 214 

(Malvern Panalytical Ltd, Malvern, UK), normalized against a background of 215 

agglomerates from the media. 216 

5.5.3 Membrane permeation testing 217 

Membrane permeation studies for prednisolone phosphate were carried out in various 218 

media compositions. The PT-DR setup mounted on a USP-II dissolution tester, 219 

(Pharma Test, Apparatebau AG, Hainburg, Germany), equipped with an intact CE 220 

membrane (50kDa and 300Kda), was arranged as previously mentioned. A dose 221 



equivalent to 365µg of prednisolone phosphate solution was diluted with release 222 

media to a total volume of 3mL and injected into the donor compartment. Regular 223 

sampling (0.3mL) was performed at time points of 0.08, 0.16, 0.25, 0.5, 1, 2, 3, 6, 12, 224 

24, and 48hr.The samples were processed immediately, following the earlier 225 

described procedure. 226 

5.5.4 Drug release testing 227 

The drug release study was conducted in a stainless-steel PT-DR setup set as 228 

described above. A Liposome dose corresponding to 365.41µg prednisolone 229 

phosphate and diluted to 3mL with relevant release media, was added to the donor 230 

compartment using a 5mL syringe (Terumo Corporation, Tokyo, Japan) mounted with 231 

a 70mm needle (B Braun, Germany). The acceptor chamber was filled with 114mL 232 

relevant media and the whole setup was mounted on a USP dissolution tester (Pharma 233 

Test, Apparatebau AG, Hainburg, Germany), maintained at 37°C for the whole 234 

duration of the experiment. The shear was varied according to the discrete 235 

combination of design varying shear stress from 25- 100rpm. At regular intervals of 236 

0.08, 0.16, 0.25, 0.5, 1, 2, 3, 6, 12, 24, and 48 hours, with equal volume replacement 237 

using fresh media. The samples were processed immediately, as described above 238 

before injecting to HPLC for quantification. 239 

5.5.5 Estimation of the wall shear 240 

The PTDR uses a rotating paddle stirrer to accelerate the membrane transport of 241 

drugs and reduce the interaction with medium components during the release test In 242 

the current investigation, quantifying the shear rate exerted on the dosage form was 243 

necessary. For this purpose, we assume a pure shear flow  without vortical structures 244 

during the stirring process. Therefore, both radial and axial velocity components can 245 

be neglected compared to its azimuthal component which is used here to quantify the 246 

wall shear. Assuming a non-slip condition for the fluid at both the rotating paddle and 247 

the motionless inner wall of the donor chamber, the azimuthal velocity profile 248 

decreases linearly from its maximum value at the tip of the paddle toward zero at the 249 

inner wall , where  the maximum value of the wall shear is expected and  is estimated 250 

using the following equation 1: 251 

𝜏𝑤 = 𝜇 ∗
2𝜋𝑅𝑓

∆𝑟
  1 252 



Here, the wall shear (𝜏𝑤) is defined using the azimuthal velocity of the rotating paddle 253 

blade (𝑣𝜃   =  2  𝜋  𝑅 𝑓) , with (R) the radius, ( 𝑓 ) the frequency, and divided by the gap 254 

size (Δ𝑟) between the paddle blade and the inner donor chamber wall . Finally, (μ) 255 

refers to the dynamic viscosity which is assumed to be constant for each release 256 

medium.  257 

5.6 Modeling pharmacokinetics of Liposomal Prednisolone Phosphate 258 

5.6.1 Data extraction, software and statistics 259 

Literature data for rat PK profile following a single 5mg/kg intravenous dose of 260 

prednisolone phosphate in liposomal and drug solution was and digitized using Graph 261 

Grabber (v2.0.2, Quintessa, © 2017, Henley-on-Thames, UK). The respective 262 

compartmental model was developed and analyzed for sensitivity and statistics using 263 

Stella® Architect (v3.3, isee systems, Lebanon, USA) and MonolixSuite 2019R2 264 

(Lixoft, Antony, France). The graphs were plotted with OriginPro 2019 (OriginLab 265 

Corporation, Northampton, USA). 266 

5.6.2 Modeling pharmacokinetics of liposome-associated and free drug fractions 267 

The multi-compartment model was based on Nagpal et al. 2023 [8] and designed using 268 

Stella Architect (v3.0.1, isee systems, Lebanon, USA). To estimate plasma release 269 

and carrier elimination rate, the extracted data from Metselaar et al [24] was analyzed 270 

using the PBNB model coded in Mlxtran (MonolixSuite 2019R2, Lixoft, Antony, 271 

France). The multi-compartment model comprises a carrier compartment with the 272 

volume of distribution VDC. VDC is assumed to be the physiological plasma volume of 273 

the respective species. The carrier circulation half-life (HL) was calculated as per 274 

equation 2. 275 

𝑲𝑪𝑨 = 𝟐. 𝟑𝟎𝟑 × (
𝑳𝒐𝒈(𝟐)

𝑯𝑳
)   2 276 

 277 

The fraction of the drug released over time, denoted as F, is estimated using the 3RPT 278 

model, as shown in equation 3.  279 

𝑭 = (
𝒕𝒃

𝒕𝒃+𝒎
) × 𝒄   3 280 

The drug release rate, Krel, is derived from the first derivative of the 3RPT model, as 281 

indicated in equation 4. 282 



𝑲𝒓𝒆𝒍 =
𝒅𝑭

𝒅𝒕
= 𝒎 × 𝒃 × 𝒄 × ( 𝒕𝒃−𝟏

(𝒕𝒃+𝒎)
𝟐)   4 283 

Following its release, prednisolone phosphate is rapidly dephosphorylated. This 284 

process is modeled using a first-order conversion process. The parameter ranges 285 

obtained during the model analysis have been summarized in Table 1. 286 

Table 1 Parameters and corresponding ranges utilized in the in silico modeling. 287 

Formulation and study design Parameter Initial value Range Reference 

Prednisolone phosphate incubated 
with murine phosphatase 

k (h-1) 8.22 7-10 [25] 

Prednisolone 
(Prednisolone phosphate solution 

(5 mg/kg) in male Lewis Rats) 

VDF (mL) 1295.64 841.38-1869.9 

[24] 
K12 (h-1) 0.677 0.547-0.766 

K21 (h-1) 0.732 0.592-0.865 

kFE (h-1) 1.06 0.7-1.39 

Fliver (%) 2.551 2.377-2.725 [26] 
Physiological parameters for 

PBPK modelling 
FRBV (liver) 0.21 0.12-0.27 [27] 

 288 

Furthermore, physiologically based parameters were integrated to simulate the liver 289 

disposition. The previously published PBNB model [20] was extended with multiple 290 

compartments. Since the organ levels of prednisolone after injection of the liposomes 291 

were unavailable, liver distribution parameters of the liposomes were adopted from 292 

liposomal doxorubicin. The liposomal formulations are identical in composition and 293 

vary in their payload only. The influx and outflux from and into the liver (KLin, KLout) 294 

were calculated using the literature data summarized in   295 



Table 2. 296 

  297 



Table 2: Parameters used in computing hepatic distribution of free prednisolone 298 

Parameter Initial value Range Reference 

Relative QH (%) 17.4 13.1-22.4 

[27] 
Cardiac output 

(ml/hr) 
6624 5040-8040 

Liver tissue density 

(g/ml) 
1 - 

Rb 0.703 0.693-0.713 

[28] 
Kd (µg/ml) 0.00301 0.00229-0.00373 

Bmax (µg/ml) 0.1885 0.1666-0.2104 

fu 0.6 - 

 299 

KLin was calculated by the following series of equations, which considers liver 300 

perfusion (QH), fraction unbound of prednisolone (fu), and blood-to-plasma 301 

concentration ratio of prednisolone (Rb). To find the hepatic perfusion rate, it was 302 

calculated as a function of cardiac output in equation 5:  303 

𝑸𝑯(𝒎𝒍.𝒉𝒓−𝟏) = 𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝑸𝑯 (%) ×  𝑪𝒂𝒓𝒅𝒊𝒂𝒄 𝒐𝒖𝒕𝒑𝒖𝒕 (𝒎𝒍.𝒉𝒓−𝟏)   5 304 

As per the free hormone hypothesis, the free hormone is the entity participating in 305 

interactions with biological membranes in drug distribution, therefore in unbound 306 

concentration of prednisolone in blood (Cu,b) has to be considered. Since fu and Rb of 307 

prednisolone are known [29], the fraction unbound of prednisolone in blood can be 308 

calculated by equation 6, as measured unbound concentration in whole blood and 309 

plasma is equivalent. 310 

𝒇𝒖,𝒃 = (
𝟏

𝑹𝒃
)  × 𝒇𝒖   6 311 

The concentration of prednisolone in blood, (Cb) is calculated by the product of Rb and 312 

plasma concentration of prednisolone (C). 313 

𝑪𝒃 = 𝑹𝒃  ×  𝑪   7 314 

The unbound concentration of prednisolone in blood (Cu,b) is determined using 315 

equation 7: 316 

𝑪𝒖,𝒃 = 𝒇𝒖,𝒃  × 𝑪𝒃   8 317 



The rate of liver presentation, KLin is subsequently computed by the product of 318 

equations 5 and 8 as presented in equation 9. 319 

𝑲𝑳𝒊𝒏
= 𝑸𝑯 × 𝑪𝒖,𝒃   9 320 

In a recent study published by Li et al., ratio of total to unbound drug concentration in 321 

tissues (Kp,u), was determined using equation 10. 322 

𝑲𝒑,𝒖 =
−(𝑪𝒕−𝑲𝒅 −𝑩𝒎𝒂𝒙 )+√(𝑪𝑻 −𝑲𝒅 −𝑩𝒎𝒂𝒙 )𝟐+𝟒𝑲𝒅 𝑪𝑻

𝟐 𝑲𝒅
   10 323 

Ct is the total concentration of prednisolone in tissue, Kd is the prednisolone-tissue 324 

dissociation rate constant and Bmax is the binding capacity of the tissue for 325 

prednisolone. Equation 11 that describes the non-linear tissue binding of prednisolone 326 

[29]. 327 

𝑪𝑻 = 𝑪𝒖𝑻 +
𝑩𝒎𝒂𝒙×𝑪𝒖𝑻

𝑲𝒅 +𝑪𝒖𝑻
   11 328 

The Unbound concentration of prednisolone in the tissue (CuT) is obtained using 329 

equation 12 accordingly. 330 

𝑪𝒖𝑻 = (
𝑪𝑻

𝑲𝒑,𝒖

)   12 331 

The liver-specific values of Kd and Bmax are summarized in   332 



Table 2. KL-out calculated as follows: 333 

𝑲𝑳𝒐𝒖𝒕
= 𝑸𝑯 × 𝑪𝒖𝑻(𝑳𝒊𝒗𝒆𝒓)   13 334 

According to the literature, the accumulation of nanoparticles mediated by 335 

macrophages leads to their disposition primarily in the organs of the RES, such as the 336 

liver and spleen. Therefore, the carrier accumulation, denoted as KCA, is assumed to 337 

be a first-order rate of accumulation into the RES system. The fraction of nanoparticles 338 

disposed of by macrophages is modeled by assigning a Liver Fraction (LF). This 339 

fraction modulates both hepatic (KLA) and extra-hepatic accumulations (KEHA). The 340 

relationship between these factors and the overall accumulation and disposition 341 

process in the MPS system is described by equations 14 and 15 as below. 342 

𝑲𝑳𝑨 = 𝑳𝑭 × 𝑲𝑪𝑨   14 343 

𝑲𝑬𝑯𝑨 = (𝟏 − 𝑳𝑭) × 𝑲𝑪𝑨    15 344 

As outlined previously, KCA was adopted form pegylated liposomal doxorubicin by 345 

Siegal et al. [30], assuming similar disposition performance of carrier by liver and to 346 

circumvent the lack of biodistribution data for liposomal prednisolone phosphate. 347 

5.6.3 Influence of prednisolone dephosphorylation 348 

Assuming rapid dephosphorylation of prednisolone phosphate, the released fraction 349 

of the drug can be estimated from the prednisolone concentrations found in the blood 350 

plasma. Hence, further investigations were conducted to accurately model the 351 

dephosphorylation rate and account for the error arising from a misprediction. 352 

Previous works reported that liposomal encapsulation inhibits the dephosphorylation 353 

of prednisolone phosphate to prednisolone by the phosphatases present in the blood 354 

plasma [24,25,31]. Metselaar et al. [24], for instance, highlighted that no free 355 

prednisolone phosphate could be detected in plasma within one hour of administration. 356 

However, this rate of dephosphorylation in rats has yet to be adequately characterized 357 

in the literature [25,32]. Smits et al. [32] assumed the dephosphorylation rate to be 358 

instantaneous based on findings from an in vitro investigation on murine 359 

phosphatases. To ensure the robustness of the in silico model developed for 360 

prednisolone phosphate, an intermediate compartment representing released 361 

prednisolone phosphate, between encapsulated prednisolone phosphate and 362 



dephosphorylated prednisolone in both plasma and liver, was factored in. In the 363 

absence of dephosphorylation data in rats, this was approximated in the model by 364 

taking the plasma half-life of prednisolone phosphate as reported by Metselaar et al. 365 

[24] and estimating rodent phosphatase activity from dephosphorylation rates of 366 

murine phosphatases as reported by Smits et al. [32,33]. To account for uncertainty, 367 

an optimization was performed within the concentration ranges found in the blood 368 

plasma. This optimization provides potential local or global optima defined by these 369 

plasma levels. Additionally, the dephosphorylation kinetics was included in the PPSA 370 

(refer to Supplementary Materials, section S1). 371 

5.6.4 Statistical analysis of model fits 372 

To compare the model predictions to the observations, the absolute average-fold error 373 

AAFE [34] was calculated using equation 16 374 

𝑨𝑨𝑭𝑬 = 𝟏𝟎
𝟏

𝒏
×𝜮(|𝑳𝒐𝒈(

𝑷𝒓𝒆𝒅,𝒕

𝑶𝒃𝒔,𝒕
)|)

   16 375 

The absolute difference of predicted (Pred,t) and observed (Obs,t) plasma 376 

concentrations at time t are calculated. n represents the size of the dataset. An AAFE 377 

of ≤ 3 is has been often used as a threshold value to identify successful simulations 378 

[20,34–36]. 379 

5.6.5 Partial Parameter Sensitivity Analysis 380 

Partial parameter sensitivity analysis (PPSA) using the sensitivity analysis mode of 381 

Stella® Architect was performed (discussed in the Supplementary Materials, section 382 

S1). With respect to the primary objective of this investigation, the PPSA was focused 383 

on liver-related drug distribution processes (i.e. the accumulation rate, carrier 384 

sequestration rate, and free drug hepatic influx and efflux rates). The drug release 385 

rate, in addition to the liver-related processes, was varied within a range of ±50% to 386 

assess the impact of uncertainty in model parameters on simulations executed using 387 

the model [37]. 388 

  389 



6. Results and discussion 390 

Since the 1950s, pharmaceutical scientists have aimed to correlate in vitro dissolution 391 

data with in vivo performance, a challenge intensified by complex drug products [6]. 392 

Central to this effort are two pivotal strategies: the use of advanced deconvolution 393 

techniques for estimating in vivo release [8,13,17,38], and the design of in vitro models 394 

that accurately represent the release mechanism. This requires careful consideration 395 

of hydrodynamics, media composition, and physiological environment aspects, which 396 

are difficult to replicate in vitro [10,39]. Upon injection, nanocarriers encounter a 397 

dynamic environment characterized by varying mechanical shear and physiological 398 

conditions, essential to the lifecycle of liposomes. This environment significantly 399 

influences their in vivo characteristics, resulting in continuously evolving post-injection 400 

behavior. Although dialysis-based methods are favored, their sensitivity is often 401 

compromised by membrane permeation kinetics [6,11]. This study introduces the PT-402 

DR technology combined with a validated PBB modeling framework tailored for 403 

liposomal drugs, enhancing the development of IVIVCs through a Quality-by-Design 404 

(QbD) approach. 405 

6.1 Modelling disposition of liposomal prednisolone phosphate 406 

The compartmental model used for PK deconvolution was adapted from a previously 407 

validated framework [8,20], with minor modifications for analyzing the investigational 408 

drug product NanoCort® (refer to Figure 1a) [24]. Several quality parameters indicated 409 

an optimal model fit including an AAFE<3 (AAFECarrier=1.23) [40], as well as the overlay 410 

of observed and predicted plasma profiles presented in Figure 1b and c. They 411 

highlight the plasma concentration-time profiles of prednisolone phosphate (Figure 412 

1b) and prednisolone (Figure 1c), the main metabolite of the drug. Key assumptions 413 

of this prediction include a consistent biopharmaceutical behavior of liposomes 414 

regardless of their payload with the biodistribution pattern being primarily determined 415 

by the composition and structure of the lipid bilayer, rather than the drug molecule 416 

embedded into the aqueous core. Another crucial assumption is that the liposomal 417 

drug predominantly resides in the vascular system, from which prednisolone 418 

phosphate is distributed to various organs through extravasation and release. The 419 

distribution rates were verified using in vivo PK data obtained from the literature (refer 420 

to Figure 1a and b). 421 



 422 

Figure 1. Graphical schematic of the in silico multi-compartmental model (A). The model consists 423 
compartments representing the carrier and the released fraction of the drug in the central and liver 424 
including the extra-hepatic accumulation of the carrier fraction and distribution of the free drug into the 425 
periphery compartment. Simulated (in orange) plasma concentration-time profiles of Liposome-bound 426 
prednisolone phosphate (B) and free Prednisolone (C) compared against measured (in blue stars) plasma 427 
concentration-time profiles respectively with mean and standard deviation represented by blue shaded 428 
area. Simulated liver concentration-time profiles of liposomal bound Prednisolone phosphate (D) and free 429 
Prednisolone (D). 430 

In clinical settings, the release in the plasma commonly represents the only accessible 431 

in vivo data and is, therefore, better suited for establishing a relationship between in 432 

vitro and in vivo data. The dephosphorylation of prednisolone phosphate was 433 

simulated using accessible in vivo data reported by Smits et al. [32]. The 434 

phosphorylation rate must be considerably higher than the estimated release rate to 435 

avoid uncertainties in the release estimation.  436 

This was confirmed by both literature data and our own ex vivo investigations in rat 437 

plasma (data not shown). Furthermore, we investigated the influence of 438 

dephosphorylation kinetics in the PPSA (refer to Supplementary Materials, section 439 

S1) and confirmed that even considerable misprediction (± 50%) does not undermine 440 



the current simulation. In the following, the PK parameters derived from the DeCODe 441 

model were systematically used to compare in vitro profiles with in vivo estimations as 442 

described in more detail in section 6.2. 443 

6.2 Model deconvolution 444 

Originally developed to characterize the release from solid oral dispersions in quality 445 

control scenarios, the RPT equation effectively accommodates diverse release 446 

curves. In the current study, the 3RPT model, an adaptation that includes release rates 447 

under non-sink conditions, was utilized for the in silico simulation of drug release 448 

behavior from liposomal prednisolone phosphate. The parameters 'm' and 'b' define 449 

the shape of the release profile, while a third parameter, 'c', accommodates 450 

simulations of dissolution processes under non-sink conditions. All three parameters 451 

are reported in Table 3.  452 

Table 3 PK parameters are estimated by the DeCODe model using differential evolution. AAFE and 453 
individual predictions confirmed the reliability of these estimations. 454 

Referenced study Formulation Parameter Value 

Metselaar et al 

Prednisolone in plasma 
(Dephosphorylated 

Prednisolone Phosphate 
(5mg/kg) in solution) 

k12 (h-1) 0.569 

k21 (h-1) 0.852 

VDF (mL) 842 

kFE (h-1) 0.712 

T1/2 (Free 
prednisolone 

phosphate) (h) 
0.004 

Liposomal Prednisolone 

Phosphate (5mg/kg) in 
solution 

T1/2 (Liposomal 

prednisolone 
phosphate) (h) 

24.6 

VDC (mL) 8.95 

Liver Fraction 0.198 

kLA (h-1) 0.00563 

kCS (h-1) 0.81 

kLDP (h-1) 9.76 

m 903 

b 0.0222 

c 0.443 

AAFE(Carrier) 1.23 

AAFE(Free) 1.12 

 455 

The predicted in vivo drug release profile (refer to Figure 2) was coherent with the 456 

release behavior expected of stealth liposomes [3,24]. 457 

Still, the released fraction was higher than observed for similar formulations, such as 458 

Doxil®. At first glance, and based on the preclinical and clinical data, the release of 459 

prednisolone phosphate from the liposomes might appear insignificant due to the 460 



absence of high concentrations of prednisolone phosphate or prednisolone in the 461 

blood plasma. However, this is explained by the rapid dephosphorylation of 462 

prednisolone phosphate and the 100-fold higher volume of distribution of 463 

prednisolone. Nonetheless, the formulation exhibits prolonged circulation and 464 

controlled release behavior [3,20]. This was further corroborated by the carrier half-life 465 

of 24.6 hrs as originally published by Metselaar et al [24].  466 

After accounting for the effects of dephosphorylation and distribution, the 467 

deconvoluted release profile acts as a preclinically justified target for dissolution 468 

specifications, enabling a systematic comparison between in vitro release profiles and 469 

realistic estimations of in vivo release. However, the chosen methodology should not 470 

only reflect the rate and extent of release but also replicate similar release 471 

mechanisms. To highlight the sensitivity of the model to the individual model 472 

parameters, a PPSA was conducted and added to the Supplementary Materials, 473 

Section S2. 474 

 475 

Figure 2 Deconvoluted drug release profile representing T-5%, T-20% and T-40%. 476 

The release mechanism of prednisolone phosphate from NanoCort® is likely 477 

influenced by the concentration gradient between the aqueous core and the 478 

bloodstream, particularly during the initial minutes post-injection. It reaches a total 479 

release of more than 40% within 48 hrs. Model analysis confirms that more than 5% 480 

of prednisolone phosphate is released within the first 6 hours post-injection. The rate-481 

limiting step and primary mechanism of release, however, is the permeation of the 482 

drug through the bilayer membrane. Therefore, membrane integrity plays a crucial 483 



role. This integrity depends on the presence of serum lipases and acceptor molecules 484 

like albumin, which solubilize phospholipid components of the membrane [41], as well 485 

as the shear stress the liposomes are exposed to during circulation. Accordingly, the 486 

complex interplay between the protein type, concentration, and shear stress was a key 487 

aspect of this investigation. 488 

Given the prolonged circulation time and the impact of gradual disintegration 489 

processes on layer permeability, the study systematically examined the correlation 490 

between release performance at early (T-5%), intermediate (T-20%), and late (T-40%) 491 

stages of release and the in vivo release profile.  492 

6.3 Stability features of NanoCort® 493 

To complement the in vitro release measurements, we evaluated the chemical stability 494 

of prednisolone phosphate across various release media and analyzed the plasma 495 

protein binding kinetics of prednisolone, the primary metabolite of the drug. This 496 

analysis aimed to estimate the impact of serum on drug degradation, solubilization, 497 

and distribution kinetics. Additionally, the physical stability of the liposomes was 498 

assessed under conditions of low shear. 499 

6.3.1 Chemical Stability of Prednisolone Phosphate 500 

The PT-DR is a dialysis-based setup that enables the testing of dispersed dosage 501 

forms, providing an accurate separation of the nanoparticle fraction from the 502 

dissolution media. It consists of a cylindrical donor compartment containing the 503 

substance to be tested, while the dissolution vessel forms the acceptor compartment. 504 

A dialysis membrane acts as a barrier between the donor and acceptor compartments. 505 

A small paddle stirrer in the donor compartment allows for precise control of shear 506 

forces within the donor compartment. A schematic of the PTDR has been included in 507 

the Supplementary Materials, Section S2. 508 

A solution of prednisolone phosphate was exposed to FBS-supplemented media in a 509 

PTDR release assay to evaluate the degradation of prednisolone phosphate into 510 

prednisolone. Under high shear conditions, proteins and enzymes are more likely to 511 

reflect the expected real-time metabolism. As anticipated, the rate of prednisolone 512 

formation was highest in release media supplemented with 90% (v/v) FBS, followed 513 

by 50% (v/v) FBS, and then 10% (v/v) FBS, as shown in Supplementary Materials, 514 



Figure S3. The chemical stability data contribute an additional dimension to the 515 

analysis of release performances, enabling a sensitive distinction between the release 516 

and conversion processes of prednisolone phosphate. The observed conversion of 517 

the drug, especially at high FBS concentration, suggests further metabolic breakdown 518 

of prednisolone into its metabolites. This underscores the analytical challenges 519 

associated with accurately quantifying the released drug in vitro and in vivo. This 520 

challenge was addressed using an integration of the in vivo conversion rates into the 521 

DeCODe model. 522 

6.3.1 Membrane Permeation and Plasma Protein Binding Kinetics  523 

Like most dialysis setups, the membrane permeation kinetics of drugs in the PT-DR 524 

depends on the material attributes as well as the MWCO of the membrane. 525 

Furthermore, interactions between the medium and the membrane may occur. The 526 

elevated shear rate in the donor compartment of the PT-DR reduces membrane 527 

adsorption and, consequently, the analytical error arising from a prolonged separation 528 

of the free drug from the dosage form. However, a certain delay due to membrane 529 

permeation is to be expected. To account for issues, drug permeation was measured 530 

under various conditions, determining the permeation in the absence and presence of 531 

various protein concentrations (refer to Table 4). This lays the groundwork for 532 

understanding the role of proteins in the drug release behavior of liposomal 533 

prednisolone phosphate. 534 

The formation of a protein corona plays a key role in the disposition kinetics of 535 

nanomedicines. The effect of proteins, however, extends beyond affecting cellular 536 

interactions and also contributes to a diffusion layer that impedes the permeation and 537 

release of prednisolone phosphate. Additionally, proteins can serve as an acceptor 538 

phase for poorly soluble drugs [14], such as prednisolone, with profound implications 539 

for the conversion kinetics of the drug. Therefore, it is imperative to conduct in vitro 540 

kinetic measurements of protein binding to accurately identify the factors influencing 541 

release behavior. This will enable the assessment of permeation-related unbound and 542 

bound fractions and facilitate the development of more comprehensive PBB models 543 

based on high-resolution in vitro data. Such models, with enhanced resolution, are 544 

crucial for establishing more accurate correlations. 545 



To quantify the retention of prednisolone phosphate and its metabolites bound to 546 

serum proteins during the release process, it is beneficial to perform permeation 547 

experiments utilizing membranes with varying pore sizes. It has been established that 548 

a membrane with a MWCO of 50 kDa, effectively retains the albumin-bound fraction 549 

of drugs [14]. Conversely, a MWCO of 300 kDa allows for the permeation of the 550 

albumin-bound drug fraction. Within this experimental setup, two primary sources of 551 

error must be acknowledged. Firstly, the potential for plasma proteins to affect 552 

membrane permeation through interactions with the dialysis membrane warrants 553 

consideration. To mitigate this, permeation studies have been conducted with 554 

solutions of the drug in its free form. Furthermore, to evaluate the influence of serum 555 

proteins on drug permeation, comparative studies were conducted in PBS at a pH of 556 

7.4, supplemented with BSA at varying concentrations: 0 g/L, 4 g/L, 20 g/L, and 35 557 

g/L.  558 

Expectedly, in the absence of proteins, the permeation profiles were very similar for 559 

both membranes (refer to Figure 3a). Increasing protein concentrations led to a 560 

retention of the protein-bound fraction and delayed permeation (Figure 3b-d). At a 561 

concentration of 35g/L, approximately 80% of the drug permeated through the 50 kDa 562 

membrane. Such a delay in drug transfer was also reflected by a change in membrane 563 

permeation rate constants with increasing protein concentration (refer to Table 4). 564 

Table 4 Membrane permeation constant (Km), calculated for drug permeation experiment conducted in 565 
various conditions using PT-DR mounted with either 50kDa or 300kDa cellulose ester membrane. 566 

Condition 50kDa (×10cm2/hr) 300Kda (×10cm2/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 

 567 

The combined approach of investigating the impact of proteins on plasma protein 568 

binding and release has been illustrated in Figure 3e. On the left, the diagram 569 

highlights the process of drug complexation by serum proteins. In the in vivo setting, 570 

the formation of a protein-bound fraction is anticipated to reduce both tissue exposure 571 

and the pharmacological effectiveness of the drug. This effect is expected to be less 572 

pronounced during the early phase, as protein binding unfolds over a relatively 573 

extended period. The kinetics of free drug permeation through the dialysis membrane 574 



are altered as well suggesting the importance of protein -membrane interaction as an 575 

analytical error source (Figure 3e). This challenge can be addressed by comparing 576 

the permeation rates across membranes with two distinct pore sizes, offering a method 577 

to quantify the effect of these interactions (refer to Table 4). 578 

A second source of error is the changing permeability of dialysis membrane over time 579 

[14]. Prior investigations have highlighted that the time window for kinetic 580 

measurements of drug-protein transfer should be limited to 8hr [14], beyond which 581 

swelling of the membrane material in the PTDR significantly affects protein 582 

permeation. Therefore, all measurements were conducted over 6 hr to ensure that 583 

changes in the membrane permeation rate do not influence the results. 584 

To evaluate the impact of protein concentration on the binding kinetics, we assessed 585 

drug permeation at multiple concentrations, calculating the percentage of drug 586 

retention. Finally, the retention data was then extrapolated to a physiological serum 587 

concentration of 40 g/L (Figure 3f). With time the drug retention was found to increase. 588 

On average about 10% of the released prednisolone phosphate is bound to proteins 589 

in the high-shear in vitro environment of the PTDR.  590 



 591 

Figure 3. Drug permeation profiles in PBS (a), BSA supplemented media in concentrations of 4g/L (b), 20g/L 592 
(c) and 35g/L (d). The permeation experiment was conducted in 50kDa (Red), and in 300kDa (Black) CE 593 
membrane in a PT-DR setup (e). The free drug permeation across the membrane is altered in the presence 594 
of serum components, leading to retention. Upon release, the drug diffuses across the liposomal bilayer 595 
at a defined rate (Krel) followed by membrane permeation (Km), in the presence of shear occurs an initial 596 
burst. The performance is measured as the apparent drug release, influenced by shear and media 597 
composition. An interplay of serum proteins and shear leads to increased interparticle collisions and shear 598 
shielding by serum proteins. The kinetic protein binding (f) is calculated by permeation difference across 599 
50kDa and 300kDa CE membrane over time in the presence of varied protein concentrations, this has been 600 
extrapolated to physiological concentration (40g/L). 601 

On the right, Figure 3e depicts the protective role of the serum protein corona around 602 

liposomal prednisolone phosphate, demonstrating their impact on inter-liposomal 603 

collisions through shear shielding. This protein corona formation thus acts as a 604 

safeguard for the integrity of the liposomal delivery system. These aspects will be 605 

discussed in the later sections. Regrettably, the lack of corresponding in vivo data 606 

inhibits the formulation of definitive conclusions about the applicability of our 607 

observations on the role of serum proteins in in vivo settings. Nonetheless, it is highly 608 

probable that the phenomena observed in vitro also manifest in vivo, providing 609 

valuable insights into the complex mechanisms governing the drug release process. 610 

6.3.2 Liposomal stability 611 



The physical stability of the carrier system was evaluated using NTA following a 1000-612 

fold dilution of the dispersion. To adjust for the presence of serum proteins in the 613 

samples, background measurements were conducted. Figure 4a displays the 614 

measurement of liposomes in the absence of serum background, where significantly 615 

higher concentrations were noted. Selection of relevant particle traces was based on 616 

their intensity and concentration. An initial slight increase in the average particle size 617 

was noted after 24 hours. This is likely due to the adsorption of serum components 618 

and confirms the formation of the protein corona [42,43]. It was followed by a more 619 

pronounced increase at prolonged incubation times (48 and 96 hours, as illustrated in 620 

Figure 4b) , suggesting a potential rearrangement of the lipid bilayer in response to 621 

continuous shear [44]. The minimal difference in particle size increase with serum 622 

concentrations above 50% suggests a potential surface saturation. A slight increase 623 

in particle size was observed with PBS, indicating negligible adsorption on the surface 624 

and thus primarily reflecting the influence of shear. Overall, the formulation 625 

demonstrated sufficient stability throughout the duration of the in vitro release kinetics 626 

experiment. 627 

 628 

Figure 4: Physicochemical characterization of PLP, with D10, D50, and D90 measured using Nanoparticle 629 
Tracking Analysis (NTA NS300, Malvern Panalytical, Malvern, UK) (A). Liposomes characterized for particle 630 
size (B) over time in different media compositions, PBS supplemented with FBS (10%), FBS (50%), and 631 
FBS (90%). 632 

6.4 Performance predictive assay 633 

Liposomal prednisolone phosphate, like other nanomedicines, circulates in the 634 

bloodstream in a pharmacologically inactive form. The pharmacological effects and 635 

mode of action are critically determined by the fraction of the drug released either 636 



before or after accumulation at the target site. Clinical pharmacokinetics are typically 637 

measured in the plasma, making this the most suitable environment for establishing 638 

clinically relevant release test methods. While further investigations into the mode of 639 

action at the target site are essential for advancing a drug product, the current work 640 

focuses on developing and optimizing release test methods with enhanced 641 

biopredictive capabilities. 642 

Although numerous physiological parameters come into play, the in vitro release setup 643 

emphasizes the most likely rate-limiting steps in the in vivo release. Media and 644 

apparatus are vital to replicating selected aspects of the physiological environment, 645 

ensuring accurate simulation of microenvironmental conditions. For instance, 646 

hydrodynamic shear can compromise liposomal integrity, thereby initiating the release 647 

of the encapsulated drug. Concurrently, the phenomenon of shear shielding, resulting 648 

from protein adsorption on liposome surfaces, may also influence release dynamics. 649 

In silico deconvolution of the PK was instrumental in estimating the in vivo drug 650 

release, laying the groundwork for the development of a performance-predictive assay 651 

for liposomal prednisolone phosphate. Subsequently, variations in the in vitro test 652 

conditions and their resulting release profiles are systematically compared to the in 653 

vivo release using a DoE approach. This comparison aims to delineate the optimal 654 

conditions for in vitro release. 655 

6.4.1 Optimization of predictive power 656 

The PTDR (Figure 5a) enables the measurement of the drug release from liposomal 657 

prednisolone phosphate in a well-defined environment. As compared to other dialysis-658 

based methods, the shear rate in the donor chamber can be accurately controlled by 659 

altering the stirring rate. In addition to changing this parameter, other independent 660 

variables were introduced. The fishbone diagram (Figure 5b) outlines the variables 661 

investigated using an L-optimal design (refer to Figure 5c). A total of 21 drug release 662 

experiments were conducted.  663 

The composition of the release media was altered by supplementing PBS (pH 7.4, 664 

Figure 5d) with varying concentrations of FBS and BSA. The buffer system mimics 665 

the pH and osmolarity of the physiological setting. Serum comprises a variety of 666 

proteins and enzymes involved in the dephosphorylation of the drug as well as the 667 

degradation of lipid components. 668 



Serum concentrations were examined at several levels, including 10% (pH 7.4, Figure 669 

5e), 50% (Figure 5f), and 90% Figure 5g). Past research has shown that biopredictive 670 

methods necessitate a specific serum background level [8,13,45]. Additionally, it is 671 

widely recognized that albumin functions as a carrier protein in the drug release 672 

process. Consequently, we added BSA (Figure 5h-j), which provides binding sites for 673 

numerous drug molecules, yet lacks the enzymatic activity found in serum. 674 

 675 

Figure 5. Quality-by-design based development of biorelevant drug release assay using PT-DR (A) by 676 
defining independent variable using fishbone diagram (B). The manufactured liposomes were tested using 677 
PT-DR setup (A), in various test conditions by design of experiments (C). The plots for cumulative drug 678 
release testing for various test conditions including PBS (D), supplemented with FBS (E, F, G) and BSA (H, 679 
I, J) or changing to a non-ionic buffer system (K). 680 

One concern during the design of the study was the potential impact of elevated 681 

phosphate concentrations on the release of prednisolone phosphate, as the 682 

dephosphorylation could be hindered by a strong phosphate background. To address 683 

this, we also tested the release in HEPES buffer (Figure 5k). 684 

The shear rate significantly influences intravenously administered delivery systems, 685 

which experience consistent distribution across a narrow capillary network at varying 686 

velocities. The PT-DR system provides a high-shear environment, and the shear 687 

stress was adjusted across three levels (25-100 rpm) to refine the release conditions. 688 

The different stirring rates are highlighted in different colors (refer to the red, blue, and 689 



black solid lines in Figure 5d-k). We focused on examining the effects of shear and 690 

the shear-shielding properties of proteins. This involves exploring the potential 691 

interaction between the stirring rate and protein concentration, regardless of the 692 

protein type. This will be discussed in the later section. The fraction released 693 

comprised of both, prednisolone phosphate and prednisolone. Based on a common 694 

three-point specifications framework, target responses included the time of release at 695 

5% (T-5%), 20% (T-20%), and 40% release (T-40%). These were compared to the in 696 

vivo release obtained by deconvolution of the PK. The release was monitored over 697 

48hr.  698 

6.4.2 The interplay of shear and media composition over release performance 699 

Elevated shear rates accelerated the release, potentially due to the accelerated 700 

diffusion of drug molecules and the rising number of collision events in the donor 701 

chamber. A change in the medium composition may also trigger the release of lipid 702 

components from the liposomes as well as the degradation of the carrier material. 703 

However, the shape of the release curve was retained. This suggests the same 704 

release mechanism at varying conditions and is the desired aim of in vitro accelerated 705 

conditions. The interplay of shear and media composition was studied across the 706 

design space. Time-dependent trends were observed across various release media 707 

(Figure 5d-k).  708 

The early phase 709 

In the early release phase, an initial 'burst effect' was noted, characterized by rapid 710 

drug diffusion immediately following dose administration. This phenomenon, more 711 

pronounced at higher shear rates, significantly influences the early release phase 712 

(from T-5% to T-20%). Such a burst effect is often indicative of potential quality issues. 713 

When BSA or FBS were added, only minimal responses to varying stirring rates were 714 

observed at T-5%. This observation was further corroborated by the 3D response 715 

surface plots, which indicated that during the early phase (T-5%), increases in BSA 716 

concentrations and shear rates did not markedly impact drug release (Figure 6, a, d, 717 

blue zone). In the case of FBS, a weak response was observed at high serum 718 

concentrations and shear rates only (Figure 6, b and e, green zone). Among the 719 

various factors influencing drug release from liposomes, two processes are particularly 720 

rapid following the injection into the donor chamber: the diffusion of the drug into the 721 



medium, and the adsorption of proteins onto the liposome surfaces. The adsorption of 722 

proteins is likely to result in delayed drug release, primarily due to the formation of a 723 

progressively thicker diffusion boundary layer. This layer acts as a barrier, slowing the 724 

diffusion of the drug from the liposome to the external environment. This could be the 725 

reason for this slight delay. While the residuals plot shows a good correlation, 726 

indicating an optimal data fit (Figure 6c), the predictive power (Figure 6f) was poor 727 

due to the non-significant performance differences. With increasing shear, a burst 728 

effect is observed at T-5% and T-20% in almost all experiments, which is slightly 729 

compensated by increasing protein and serum concentrations. Shear shielding was 730 

most pronounced with media comprising 90% FBS. Furthermore, this shear shielding 731 

effect is pronounced in the T-20% zone. Despite higher shear, the shape of various 732 

release profiles is almost identical. This is also evident with media comprising 50% 733 

FBS. Overall, T-5% is a relatively insensitive parameter and does not exhibit a 734 

considerable response to variations in shear. 735 

 736 

Figure 6. Response surface optimization plot for assessing the interplay between serum components 737 
(BSA, %g/L and FBS, % v/v) and shear (rpm) at early phase of release profile represented by T-5%. The 3D 738 
response surface plots for BSA vs Shear (a) and FBS vs Shear (b) and its respective contour plots (d , e). 739 
The residual plots for model fits (c) and predicted vs observed/actual (f) show the adequacy of model 740 
design and accuracy of predictions/extrapolations.  741 

The intermediate phase 742 



The intermediate stage, spanning from T-20% to T-40%, offers the clearest insight into 743 

the fundamental release mechanism. In the in vivo setting, this period predominantly 744 

impacts circulation time and disposition performance. While the burst effect often 745 

correlates with safety concerns in follow-on products, efficacy is largely determined by 746 

the efficiency of drug delivery. Therefore, the intermediate to late stages are important 747 

indicators regarding the safety and efficacy of the formulation. It is significantly 748 

influenced by the shear and with a pronounced burst effect. As indicated by the 749 

response surface plots, at zero to low concentrations of BSA, an increase in shear 750 

stress from 25rpm to 100rpm (Figure 7a and d, blue zone) significantly reduces the 751 

time to reach 20% release (T-20%). This suggests a reduced interaction with the 752 

dynamic protein corona or a decrease in the shear shielding by proteins. This effect is 753 

further pronounced with FBS (Figure 7b and e, yellow zone) at T-20% to T-40% and 754 

could be due to a saturation of protein-binding surfaces or agglomeration of media 755 

components in vitro. Optimal model fit (Figure 7c), and predictive power (Figure 7f) 756 

were observed for the model.  757 

 758 

Figure 7. Response surface optimization plot for assessing the interplay between serum components 759 
(BSA, %g/L and FBS, % v/v) and shear (rpm) at intermediate phase of release profile represented by T-20%. 760 
The 3D response surface plots for BSA vs Shear (a) and FBS vs Shear (b) and its respective contour plots 761 
(d, e). The residual plots for model fits (c) and predicted vs observed/actual (f) show the adequacy of model 762 
design and accuracy of predictions/extrapolations. 763 



The late phase 764 

T-40% and beyond represents the late stage of the release and is indicative of the 765 

overall release performance of the formulation. It provides information on the 766 

remaining circulating fraction which is mainly responsible for drug targeting effects.  767 

Consequently, the increasing shear has little to no influence. However, the shear 768 

shielding is actually lowered with constant high shear, corresponding to reduced 769 

interaction of serum components with liposomes. Therefore, in the presence of media 770 

supplemented with BSA, higher protein concentrations are not in line with the shear 771 

shielding effect observed with serum (Figure 8a, d). 772 

 773 

Figure 8. Response surface optimization plot for assessing the interplay between serum components 774 
(BSA, %g/L and FBS, % v/v) and shear (rpm) at late phase of release profile represented by T-40%. The 3D 775 
response surface plots for BSA vs Shear (a) and FBS vs Shear (b) and its respective contour plots (d , e). 776 
The residual plots for model fits (c) and predicted vs observed/actual (f) show the adequacy of model 777 
design and accuracy of predictions/extrapolations. 778 

Using 3-D response surface plots a similar trend was observed, and the shear 779 

shielding by media components as described above is significant with increasing 780 

incubation time and increased interaction at low shear (Figure 8a, d, green zone). A 781 

significant impact was observed with low to intermediate shear and 50% FBS-782 

supplemented media which is in line with the hypothesis stated above. Shear shielding 783 

arises from the formation of a protein corona, which acts as a compressible buffer 784 



between the liposomal carriers, thereby affecting the release dynamics of the 785 

encapsulated drug. These effects are more pronounced at lower stirring rates and 786 

wear off at higher shear for both, BSA and FBS (Figure 8b, e, red and yellow zone). 787 

As a result of the interplay of shear and serum components a certain shear shielding 788 

effect is observed. Such shear shielding impacts the performance drastically in the 789 

intermediate phase, from T-5% to T20%, where most adsorption of proteins on surface 790 

of nanocarrier takes place with the sufficient time for incubation. The model fits were 791 

found to be good (Figure 8c) with excellent predictability (Figure 8f) at response T-792 

40%. 793 

Such an investigation is an interesting finding for establishing a biorelevant release 794 

testing condition. The interplay of shear shielding with increasing concentration of 795 

serum components and incubation time is a dynamic process, which is important to 796 

be assessed in a dynamic study to set up the real biorelevant release conditions for 797 

nanoparticles. This unique interplay was studied with the QbD pertaining to influence 798 

of independent variable on quality attributes (T-5%, T-20% and T-40%). 799 

6.4.3 Optimal biorelevant conditions 800 

The interplay of shear and blood components was assessed to identify biopredictive 801 

release conditions for liposomal prednisolone phosphate . Based on the finding 802 

presented above, as compared to FBS, BSA has only little shear shielding effects, and 803 

does not lead to a sufficient prediction of the in vivo effects. Therefore, FBS was 804 

considered essential in designing biopredictive media. They exhibit adequate 805 

discrimination in the early (up to T-5%), intermediate (up to T-20%), and late phase 806 

(T40%). The desirability plot (Figure 9a) suggests a medium comprising 50% of FBS 807 

and a stirring rate of 50 rpm as most beneficial for the testing of liposomal prednisolone 808 

phosphate formulations. T5% (Figure 9b), however, is relatively insensitive, 809 

potentially due to analytical limitations. The burst effect is more apparent in T-20% 810 

(Figure 9c). T-20% and T-40% (Figure 9d) suggest that using 50% FBS brings the 811 

release profile in close alignment with the in vivo release. 812 



 813 

Figure 9. Optimization of Analytical QbD model for assessing the biorelevant conditions. The desirability 814 
plot (a) suggest, highest desirability at 50rpm and 50% FBS supplementation. The optimization was carried 815 
across early, T-5% (b), intermediate, T-20% (c), T-40%, late phase (d) of drug release. Compared to 816 
deconvolution performance from in silico modeling, the desirability was computed. The blue and red zone 817 
represent higher difference between deconvolution and observed data. The green zone represent the lower 818 
difference. 819 

7. Conclusion 820 

This study presents an effective combinatorial approach for designing biopredictive 821 

drug release methods for liposomal prednisolone phosphate, incorporating the 822 

DeCODe model to align our findings with in vivo data and define a design space. Our 823 

investigation reveals the critical role of protein adsorption, metabolism, and shear 824 

forces in influencing drug release and liposomal stability, with the effect of serum 825 

components being predominantly linked to shear rather than direct drug-protein 826 

interactions. This is likely due to the high aqueous solubility of prednisolone 827 



phosphate. Notably, the type of protein, whether albumin or FBS, significantly impacts 828 

the release, with FBS exerting a more pronounced effect during the extended release 829 

phases. This delay in release corresponds to literature reports indicating the formation 830 

of a protein corona that serves as an additional diffusion layer on the surface of 831 

liposomes. Alternatively, it could be attributed to a shear shielding effect that protects 832 

the integrity of the liposomes. Our study further refines analytical QbD strategies to 833 

mirror physiological protein concentrations accurately, and identifies potential errors 834 

in dialysis-based assays. Additionally, we demonstrated that conditions of 835 

intermediate shear (50 rpm) in PBS (10mM, pH 7.4) supplemented with 50% v/v FBS 836 

are optimal for evaluating the performance of NanoCort®. 837 
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