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A B S T R A C T   

The application of nanomedicine in the treatment of acute lung injury (ALI) has great potential 
for the development of new therapeutic strategies. To gain insight into the kinetics of nanocarrier 
distribution upon time-dependent changes in tissue permeability after ALI induction in mice, we 
developed a physiologically based pharmacokinetic model for albumin nanoparticles (ANP). The 
model was calibrated using data from mice treated with intraperitoneal LPS (6 mg/kg), followed 
by intravenous ANP (0.5 mg/mouse or about 20.8 mg/kg) at 0.5, 6, and 24 h. The simulation 
results reproduced the experimental observations and indicated that the accumulation of ANP in 
the lungs increased, reaching a peak 6 h after LPS injury, whereas it decreased in the liver, kidney, 
and spleen. The model predicted that LPS caused an immediate (within the first 30 min) dramatic 
increase in lung and kidney tissue permeability, whereas splenic tissue permeability gradually 
increased over 24 h after LPS injection. This information can be used to design new therapies 
targeting specific organs affected by bacterial infections and potentially by other inflammatory 
insults.   
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1. Introduction 

Acute lung injury (ALI) is a severe clinical syndrome that, at the most critical stage of the disease spectrum, can cause acute 
respiratory distress syndrome (ARDS) [1–5]. The common causes of ALI are sepsis [6–9], pneumonia [10,11], trauma [12–16], 
aspiration [17–19], inhalation of toxic molecules [20–24], treatment-related adverse effects [25,26], and pancreatitis [27–29]. Despite 
advances in critical care, there is currently no effective medication targeting the underlying pathophysiology of ALI, and management 
of this disease remains supportive, mostly focusing on addressing the inciting cause [30]. The limited success of pharmacological 
therapies has led to the development of new agents, such as innovative nanomedicine approaches, specifically aimed at treating ALI 
[31–35]. 

Human clinical studies have provided information on the onset and evolution of physiological and inflammatory changes in the 
lungs. However, further characterization of the mechanisms of injury in humans is complicated by many clinical variables that are 
difficult to control in critically ill patients [36]. 

Acute lung inflammation can be induced in mice by administering lipopolysaccharide (LPS) through various routes including direct 
delivery into the upper and lower airways [37–41], intravenous [42–45] and intraperitoneal [46–49] injection, or by spraying it all 
over the body [50]. In order to design and customize targeted anti-inflammatory treatments, it is important to investigate the bio
distribution of nanoparticles in LPS-induced ALI. However, considering the wide range of delivery platforms available, it is necessary 
to conduct this investigation for all nanocarriers [51–56]. In this regard, physiologically based pharmacokinetic (PBPK) modeling can 
expedite the process by providing valuable predictions and mechanistic insights into the effectiveness and potential toxicity of 
nanocarriers [57–59]. In this effort, it is crucial to consider that acute lung injury occurs with specific kinetics and potency depending 
on the concentration of LPS used. It is worth noting that if the administration of LPS does not lead to a lethal outcome, this phe
nomenon is reversible. 

PBPK models typically consist of multiple compartments, each representing distinct body regions, such as a group of organs/tissues 
(e.g., rapidly/slowly perfused tissues) [60] or a single organ/tissue (e.g., lungs, liver, kidneys, etc.) [61–63]. To date, dozens of models 
have been developed to analyze the biodistribution of inorganic nanomaterials (including iron, gold, silver, platinum, and silica) [57]. 
In this context, the number of models designed for organic/biological nanoparticles is very modest [64–68], while models adapted for 
albumin nanoparticles are even fewer [69]. Also, nanomedicine was developed primarily for cancer disease, while other pathological 
conditions, including ALI, were not extensively considered. 

The objective of this study was to create a PBPK model to accurately depict the evolving biodistribution of nanoparticles following 
mild ALI induction and recovery while examining alterations in tissue permeability through a numerical analysis of the process. To 
accomplish this, we chose albumin nanoparticles (ANP) as a nanodelivery platform owing to their extensive use, biocompatibility, 
natural ability to transport drugs, and cost-effectiveness in drug delivery applications, including ALI [70–72]. In this study, we 
simulated the accumulation of particles within the lungs and their clearance from this organ at various time intervals following both 
LPS injection and particle administration. We demonstrated that the clearance of particles from the lungs depended on the time at 
which LPS was injected. Specifically, we found that maximal accumulation in the lungs occurred within 6 h of LPS injection, with a 
decrease observed at 24 h. This study contributes to the broader field of particle biodistribution science, which typically focuses on 
cancer diseases. 

2. Materials and methods 

2.1. Albumin nanoparticle synthesis and characterization 

Albumin nanoparticles were synthesized by desolvation followed by cross-linking method as shown by Kolesova et al. [73]. Protein 
denaturation and nanoparticle formation occurred by adding ethanol dropwise at room temperature to a water solution of bovine 
serum albumin (20 mg/mL) in a ratio ethanol/water 4 of 1. Ethanol was added with constant stirring at a speed (2 mL/min) using a 
digital pump system (Masterflex L/S). Subsequently, 40 μL glutaraldehyde (25 % solution) dissolved in 1 mL of ethanol was added 
dropwise. The resulting solution was then stirred overnight at room temperature. The day after the particles were centrifuged at 13, 
000 RPM, the supernatant was discarded, and the particles were washed in MQ water several times. Particle concentration was 
determined by drying a known volume of particles at 65 ◦C overnight and weighing the pellet. 

2.2. Nanoparticle size and surface charge characterization 

The ζ potential and size distribution measurements were performed using a Zetasizer Nano ZS automatic analyzer (Malvern In
struments, UK) at 25 ◦C. A buffer at physiological pH was used to prepare nanoparticle dispersions for the dynamic light scattering 
(DLS) measurements. Prior to the DLS analysis, the nanoparticles were dispersed in a buffer solution and sonicated for 5 min at room 
temperature. Intensity, number, and volume size distributions were used for the analysis (particle concentration = 5 mg/mL). ζ-Po
tential measurements were performed using the Smoluchowski model. 

2.3. Albumin nanoparticle toxicity in vitro 

The impact of nanoparticles on cell viability was evaluated via MTT as shown in Ref. [74]. In brief the cells were seeded in 96-well 
microplates (Costar, 158 Corning Inc., Corning, NY) at a density of 104. Twenty-four hours after cell attachment, plates were washed 

E.O. Kutumova et al.                                                                                                                                                                                                  



Heliyon 10 (2024) e30962

3

with PBS, and cells were treated with increasing concentrations, from 2 to 20 ng/cell (or 100–1000 μg/mL), of albumin nanoparticles 
(ANP) for 6 h, and then washed, and cultured for an additional 66 h. Six replicate wells were used for each of the control and tested 
concentrations. The tetrazolium salt (MTT [3-(4,5–164 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) was dissolved in PBS 
(5 mg/mL) and added to differentiated macrophages (100 μL/mL DMEM without serum or phenol red). After incubation for 3 h at 
37 ◦C, a solution of isopropanol was pipetted into each well and mixed to dissolve the dark blue formazan crystals that formed. After 
incubation for a few minutes at room temperature, the absorbance of the plates was read at 570 nm using a BioTek Microplate reader. 

2.4. In vivo imaging system (IVIS) analysis of nanoparticle biodistribution 

Animal studies were approved by the N.N. Blokhin Medical Research Center of Oncology, ethical committee (Protocol Number 08P- 
13.12.2022). Non-lethal ALI was induced in male BALB/c mice (6-8 week-old) by intraperitoneal (i. p.) injection of LPS (6 mg/kg, 200 
μl per mouse following the procedure shown in Ref. [75] and slightly adjusted for the mouse strain). Mice were intravenously injected 
with fluorescently labeled ANP (0.5 mg/mouse or about 20.8 mg/kg; n = 3 per time point of particle distribution, per time point of 
particle administration after LPS injection. CTRL mice were injected only with the particles. Total injection volume 100 μl; total 
number of mice = 60) at different time points after LPS administration (0.5, 6, and 24 h). At different time points after particle 

Fig. 1. Schematic representation of the modular computational PBPK model of ANP biodistribution in mice. (a) The model comprises arterial (red) 
and venous (blue) blood flows (with ANP amounts of AA and AV, respectively), four organ compartments of the mononuclear phagocyte system 
(lungs, spleen, liver, kidneys), and a rest of the body compartment. (b) The common structure of the lungs, spleen, kidneys, and the rest of the body 
modules. (c) Determination of the liver module. (d) Graphical notation used to represent the model. 
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administration (10, 180, 360, 1440, and 2880 min), three mice were sacrificed via cervical dislocation. The lungs, liver, spleen, and 
kidneys were analyzed using IVIS (PerkinElmer) for their total radiant efficiency, and the data were normalized against organ area. All 
animal studies were conducted in accordance with the Decision No 81 of Council of the Eurasian Economic Commission “On approval 
of rules of good laboratory practice of the Eurasian Economic Union in the sphere of circulation of medicines” issued on November 3, 
2016 and Directive 2010/63/EU of European Parliament and European Counsel issued on September 22, 2010 “On the protection of 
animals used in the laboratory research” and were reviewed and approved by the N.N. Blokhin National Medical Research Center of 
Oncology Ethics Committee (No. 08p-13/12/2022 from December 13, 2022). Experiments were performed in the animal facility of N. 
N. Blokhin National Medical Research Center of Oncology, Moscow, Russia. 

2.5. PBPK model structure 

The model of albumin nanoparticle delivery (Fig. 1a) was constructed based on the modular model by Cheng et al. [69] using a 
visual modeling approach [76]. It included seven compartments determined as separate computational modules: arterial and venous 
plasma, lungs, spleen, liver, kidneys, and the remaining tissues. 

According to Cheng et al. [69], the model considers the uneven distribution of injected ANP between capillary blood and organ 
tissue, membrane-limited transcapillary transport, nonlinear endocytic uptake, and first-order exocytic release. As nanoparticle 
exocytosis is a phenomenon still under debate [77–79] in terms of degree, intensity, and duration, exocytic release and removal of 
nanoparticles from tissue might also include a decrease in particle fluorescence, particle degradation, or clearance from the interstitial 
space to the lymphatic system of the carriers. Compartments representing the lungs, spleen, kidneys, and the rest of the body were 
designed using the same differential-algebraic equations, but with different parameter values. We isolated these equations into a 
separate submodule that received parameter values that were specific to each compartment. The system of these equations can be 
defined as a chain of irreversible (→) and reversible (↔) reactions (Fig. 1b): 

inputA→r1 Ab; Ab̅̅̅̅̅̅̅→←̅̅̅̅̅̅̅
r2in,r2out At̅̅̅̅̅̅̅→←̅̅̅̅̅̅̅

r3in,r3out ARES; Ab→r4 outputA, (1)  

where inputA and outputA denote the amount of ANP in the input (venous for lungs and arterial for other organs) and output (arterial 
for lungs and venous for other organs) plasma flows, Ab and At correspond to the amount of ANP in capillary blood and tissue 
interstitium of organs, respectively, and ARES is the amount of ANP taken up from the tissue interstitium by phagocytosis. 

The liver compartment cannot be expressed in terms of a general system of equations, since it contains Kupffer cells capable of 
nanoparticles phagocytosis directly from the capillary blood [69]. The chain of reactions in this case is as follows (Fig. 1c): 

inputA→r1 Ab; Ab̅̅̅̅̅̅̅→←̅̅̅̅̅̅̅
r2in,r2out At; Ab̅̅̅̅̅̅̅→←̅̅̅̅̅̅̅

r3in,r3out ARES; Ab→r4 outputA. (2) 

Despite the different sequences of reactions (1) and (2), the correspondipd0 reaction rates were calculated using the same kinetic 
laws. Appendix A provides a detailed description of all formulas. Therefore, here, we focus only on reactions whose parameters have 
been optimized to match the model with the experimental data describing ANP biodistribution kinetics (10–2880 min) administered at 
different time points (0–1440 min) after LPS injection. The diffusion of ANP through the capillary wall into the tissue interstitium 
(r2in) depends on the permeability coefficient PAC, regional blood flow Q, and capillary blood volume Vb, and is defined by the 
following formula: 

vin
2 =PAC ⋅ Q ⋅

Ab
Vb

. (3) 

The reverse process (r2out) is calculated as: 

vout
2 =

PAC
P
• Q •

At
Vt

, (4)  

where Vt denotes the volume of the tissue interstitium and P is a constant. From a biological point of view, the process of releasing 
nanoparticles from the tissue back into the blood is rare. Therefore, equation (4) is used to account for the uneven distribution of 
nanoparticles between the interstitial fluid and plasma in each organ [63]. Speaking of experimental analogies, the PAC parameter can 
be compared with cell permeability, which is estimated from the change in transepithelial/transendothelial electrical resistance [80, 
81], while the P parameter determines the amount of accumulation of nanoparticles in the tissue [82,83]. That is, both parameters 
characterize the penetration of nanoparticles into the tissue, and the division of this process into two equations in the model is of a 
technical nature. 

The rate of endocytic/phagocytic uptake of ANP (r3in) is described by the Hill function with the parameters KRESmax (maximum 
uptake rate), KRES50 (time to reach a half-maximum uptake rate), and KRESn (Hill coefficient): 

vin
3 =KRESUP ⋅ At,KRESUP =

KRESmax • tKRESn

KRES50KRESn + tKRESn . (5) 

The rate of ANP exocytic release (r3out) was determined using the constant coefficient KRESrelease as follows: 

vout
3 =KRESrelease ⋅ ARES. (6) 
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In addition to equations (3)–(6), the liver and kidney compartments include reactions of ANP excretion through the biliary and urinary 
tracts, proceeding at rates: 

vb=KbileC ⋅ BW0.75 ⋅
At
Vt
, vu = KurineC ⋅ BW0.75 ⋅

Ab
Vb

. (7)  

Here, At/Vt and Ab/Vb define the concentration of ANP in the tissue and capillary blood of the corresponding compartment, 
respectively, whereas KbileC and KurineC are excretion constants. 

2.6. Modeling software 

To construct and analyze the model, we used the BioUML platform (https://sirius-web.org/bioumlweb/), an open-source Java- 
based integrated environment designed for systems biology [84,85]. It supports a wide range of systems biology standards and 
mathematical methods for the simulation, parameter estimation, and analysis of computational models, including tools for their visual 
representation. 

2.7. Numerical solution of the model 

To simulate the PBPK model, we used CVODE solver [86] ported to Java and adapted to the BioUML programming interface. 

2.8. Parameter fitting 

The problem of identifying the model parameters is formulated by minimizing the objective function, which is defined as the sum of 
the normalized squared differences between the experimental (Xexp

i ) and simulated (Xi) values of the model variables at time points tj: 

fdist(X1,…,Xn)=
∑n

i=1

∑m

j=1

ωmin

ωi

(
Xi
(
tj
)
− Xexp

i
(
tj
))2

. (8) 

Weights are considered such that all variables (regardless of the order of magnitude) have the same importance in the fit: 

ωi =

⃒
⃒
⃒
⃒
⃒

∑
jX

exp
i

(
tj
)

m

⃒
⃒
⃒
⃒
⃒
,ωmin=min ωi, i=1,…, n, j= 1,…,m.

In the present study, we not only fitted the experimental time series with simulated curves, but also considered the additional 
parametric constraints imposed on the optimized permeability coefficients (PAC) of the lungs, liver, spleen, and kidneys. We assumed 
that these coefficients would increase over time after LPS administration. Because we used four experimental datasets of the temporal 
biodistribution of nanoparticles in the control group of mice (exp1), as well as in the LPS-treated animals after 30 min (exp2), 6 h (exp3), 
and 24 h (exp4), the corresponding constraints for each organ were defined as follows: 

PACexpl <PACexpl+1 , l = 1,…,3.

This caused the calculation of the penalty function for s ∈ {lungs, liver, spleen, kidneys}: 

fpenalty(p1, q1,…, ps, qs)=
∑

l,s
max

(
0,

(
PACs

expl
− PACs

expl+1

))2
.

To solve the optimization problem described above, we used a stochastic ranking evolution strategy [87] suitable for constrained 
global optimization. 

2.9. Identifiability analysis 

Having a model that adequately describes the measured data, it is important to understand how accurately the parameters are 
determined in terms of the quantity and quality of the data. Such knowledge is necessary for further investigation of model predictions. 
Therefore, we tested the parameters of the proposed model for its identifiability. To do this, we used numerical analysis to explore the 
sensitivity of objective function (8) to the value changes in the fitting parameters. This methodology was described in detail by Raue 
et al. [88] Briefly, we excluded from the optimization process a single parameter with a fixed value, which gradually increased and 
then decreased depending on the initial solution. So, we determined the effect of this parameter on the value of the objective function 
(i.e., the quality of the experimental data approximation). If the shift of the considered parameter in any direction along the numeric 
axis leads to a significant increase in the objective function, then it is identifiable. Otherwise, it is not possible to determine the 
parameter based on available experimental data. In the current study, this analysis was used to test the fitted values of the PAC and P 
parameters used in Equations (3) and (4). 
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2.10. Statistical analysis 

All the data are the result of a minimum of three independent experiments. Statistical analyses were performed using Prism 
GraphPad software. One-way ANOVA was employed to assess for significant differences between groups, followed by Dunnett’s test for 
multiple comparisons with the control group. Statistical significance is denoted by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001. 

3. Results and discussion 

3.1. Particle synthesis, characterization and toxicity in vitro 

ANP was synthesized via desolvation/crosslinking, as shown by Kolesova et al. [73] DLS analysis showed an average diameter of 
120 nm and a negative surface charge of − 30 mV (Fig. 2a–c). Atomic force microscopy (AFM) and electron microscopy (STEM) an
alyses demonstrated a spherical regular shape and confirmed the high polydispersity of the carriers (Fig. 2d–e). ANP toxicity was tested 
on THP-1 human macrophage cell line differentiated into inflammatory cells, as described in the Materials and Methods section. The 
particles were administered at a relatively high concentration to the cells for 6 h, after which the culture medium was removed, the 
cells were washed, and the medium was replaced. Cell viability was measured after 72 h of incubation, demonstrating that all con
centrations slightly decreased the cell viability in a non-significant manner. 

3.2. In vivo ALI induction and particle treatment 

Non-lethal ALI was induced in male BALB/c mice by intraperitoneal (i. p.) injection of LPS, as described in 2.4. At different time 
points after LPS administration (0.5, 6, and 24 h), the mice were intravenously injected with fluorescently labeled ANP, and their 
distribution in the lungs, liver, spleen, and kidneys was followed ex-vivo over a time window of 48 h. Representative images of the 
obtained results and overall data are shown in Fig. 3. 

3.3. Model calibration 

The model was adapted to four experimental datasets representing the temporal biodistribution of intravenously administered ANP 
in the control group of mice as well as in the treated animals 30 min, 6 h, and 24 h after intraperitoneal LPS injection. 

Using the evolution strategy method described in the parameter-fitting section, we calibrated:  

• PAC and P coefficients in Equations (3) and (4);  
• coefficients KRES50, KRESmax, KRESn, and KRESrelease in Equations (5) and (6) that simulate the endocytic uptake and exocytic 

release of the administered ANP;  
• coefficients KurineC and KbileC in Equation (7) that describe the excretion of ANP the urine and bile, respectively;  
• unknown parameter k, which converts simulated nanoparticle concentrations into experimentally measured values of total radiant 

efficiency per luminous area. 

According to the experimental protocol, we considered the following values for the average body weight (BW) and the adminis
tered dose of ANP (PDOSEiv): 

BW=0.024 kg,PDOSEiv = 208 mg/kg (or 5 mg / 0.024 kg).

Fig. 2. Physical and chemical properties of the particles: (a) size and (b) surface charge analysis ANP; (с) summary table of the physical charac
teristics of the particles; investigation of particle size and shape via (d) AFM and (e) STEM analysis. (f) THP-1 macrophage viability upon treatment 
with increasing concentrations of ANP. 
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The remaining parameters (fractional blood flow rates, compartment volumes, and compartment capillary blood volumes) were 
taken from the model by Cheng et al. [69]. 

Parameter fitting was based on the following assumptions: the permeability (PAC) coefficients of the lungs, liver, spleen, and 
kidneys increased from the first (control) to the fourth (24 h after LPS injection) experiment; the distribution (P) coefficients of organ 
compartments are unique for each experiment; all other parameters have the same values in all experiments. 

The model simulation results showed a good approximation of the experimental data for the biodistribution of ANP in mice 
following LPS administration. This was true for both the case of exact values of the total radiant efficiency per organ area (Supple
mentary Fig. 1) and the case of data calculated relative to hepatic ANP accumulation (Fig. 4). Tables 1 and 2 summarize the estimated 
values of the individual and common parameters, respectively. 

3.4. Parameter identifiability 

To analyze the changes in tissue permeability and ANP accumulation after LPS administration, we examined PAC and P parameters 
(Table 1), respectively, for their identifiability. The results of the distribution coefficient analysis are shown in Fig. 5, while the results 
obtained for the permeability coefficients are shown in Supplementary Fig. 2. 

Fig. 3. Ex vivo IVIS analysis of lungs, liver, spleen and kidneys: (a) Representative pictures of the explanted organs were organized as a function of 
the time of particle administration after LPS injection and particle biodistribution kinetics. The fluorescent signal was measured and normalized 
against organ area. The obtained data were used to inform our computational model. (b) ANP pulmonary accumulation at different time points after 
LPS administration. Data were normalized against hepatic particle accumulation. *P < 0.05, **P < 0.01, ***P < 0.001 (vs. CTRL). 
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The following conclusions can be drawn based on the computational data. The value of P, which reflects ANP accumulation in the 
tissue, peaked in the lungs at 6 h after LPS treatment. Thus, the dynamics of this parameter reflected the experimental observations in 
the current study. The change in the accumulation of ANP in the lungs was measured after intravenous administration of nanoparticles. 

Fig. 4. Comparison of the PBPK model simulation results (solid lines) with the experimental distribution of ANP (dots) in lungs, spleen, and kidneys 
relative to the liver at difference time points after LPS injection. 

Table 1 
Fitting parameters of the PBPK model, which are different for the experiments.  

Compartments Control LPS 30 min LPS 6 h LPS 24 h 

P, distribution coefficients, unitless 
Lungs 0.32912 0.53913 0.89661 0.68027 
Liver 0.33850 0.15396 0.18851 0.12654 
Spleen 0.77655 0.54406 0.48332 0.49543 
Kidneys 0.26674 0.18484 0.22915 0.23102 
Rest of body 1.27424 1.63449 2.61706 8.19636 
PAC, permeability coefficients, unitless 
Lungs 0.00010 0.00400 0.00444 0.04834 
Liver 0.00082 0.00083 0.00090 0.00099 
Spleen 0.03112 0.13851 0.31223 0.58405 
Kidneys 0.00178 0.03171 0.03176 0.06059 
Rest of body 0.65139 0.17960 1.29770 0.00246  

Table 2 
Fitting parameters of the PBPK model common for all experiments.  

Parameters Lungs Liver Spleen Kidneys Rest of body Units 

KRES50 12.5763 162.343 138.387 345.945 53.6192 min 
KRESmax 0.09782 4.17318 20.8142 0.77376 0.81059 1/min 
KRESn 1.69178 1.15243 1.97529 0.65725 25.4498 – 
KRESrelease 0.00195 0.02254 0.09512 0.00302 0.16775 1/min 
KurineC – – – 2.7E-06 – L/min 
KbileC – 3.4E-06 – – – L/min 
k 1358630.5 –  
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Interestingly, Li et al. [89] obtained a similar trend (with a peak at 4 h after intratracheal instillation of LPS) in the accumulation of 
intratracheally administered 125I-labeled bovine serum albumin in the blood of rats (i.e., for the reverse process of lung-to-blood 
permeability). Zhao et al. [90] received an estimate similar to that obtained in our study. In their experiments, LPS-induced micro
vascular injury in mice resulted in a maximum increase in the basal lung capillary filtration coefficient (reflecting fluid accumulation in 
the lungs owing to extravasation) at 6 h. In addition, several studies have revealed that LPS induces an increase in intravenously 
administered Evans blue dye in mouse lung tissue, but the dependence of the accumulated concentration on time after LPS admin
istration was not analyzed [82,83,91]. 

The values of P in the LPS experiments in the liver, spleen, and kidneys were lower than those in the control experiment. This 
suggests that the accumulation of nanoparticles in these organs decreases after LPS injection, possibly because of an increase in the 
level of nanoparticles in the lungs and/or the rest of the body. In addition, an increase in P, with a sharp drop in PAC in the remaining 
tissues 24 h after LPS administration, led to a decrease in the PAC/P ratio, which acts as a kinetic constant in Equation (4). From the 
point of view of modeling, this is a consequence of the fact that ANP accumulation in the lung compartment is already declining by this 
time, whereas in the liver, spleen, and kidneys, it has not yet returned to the initial levels of the control experiment. This may indicate 
that 24 h after LPS administration, tissue repair is already underway in the lungs, while damage to the liver, spleen, and kidneys may 
persist. In the experiments by Verjans et al. [39] LPS caused lung mechanics in mice to deteriorate within the first 4 days and recover to 
day 10. However, this study used the intratracheal route of LPS administration and other mouse lineages (wild-type C57BL/6J and 
lymphocyte-deficient RAG2− /− mice). 

Note that LPS injection induced a sharp increase (by one or two orders of magnitude) in the permeability parameters of the lungs 
and kidneys. Apparently, the values of these parameters reached the saturation thresholds in the model because their uncontrolled 
increase in the LPS experiments did not lead to a significant deterioration in the approximation of the experimental data. This result is 
consistent with experiments in which LPS stimulated an increase in pulmonary cell permeability, as assessed by a decrease in 
transepithelial/transendothelial electrical resistance [80,81]. Furthermore, splenic permeability coefficient increased over time after 
LPS administration. This indicated the progression of inflammation within 24 h of damage. 

Eventually, the amount of experimental data is insufficient to draw any conclusions regarding liver permeability as a function of 
time after LPS injection. This is likely because the liver is the final destination of the particles. In all four experiments, the PAC pa
rameters were partially identifiable, with comparable lower limits of the values. 

Based on these results, it can be concluded that the therapeutic efficacy and distribution of nanocarriers in LPS-induced ALI in mice 
depends not only on the route of administration [55], but also on the time of administration after LPS injury. 

Fig. 5. Results of the identifiability analysis of distribution coefficients in the model (P, unitless). Parabolic functions mean that an increase or 
decrease in the parameter value found during optimization (the vertex of the parabola) leads to an increase in the objective function value, i.e., to 
deterioration of the quality of experimental data approximation. The red line indicates the 1%-threshold for increasing the objective function, which 
is considered as a condition for terminating the analysis. 
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3.5. Limitations of the study  

• In the model, we did not consider the change in body weight of mice, although LPS can cause its decrease [92]. 
• We also did not consider the intracellular degradation of albumin in lysosomes [93–95], which is the most common final desti

nation of internalized biological nanoparticles [73]. 

4. Conclusions 

Computational modeling has become an increasingly important tool in experimental medicine. Specifically, it has been applied in 
the study of nanoparticle organ distribution in tumor diseases. However, other conditions, such as acute lung injury, have not been 
extensively investigated with this tool. Acute lung injury (ALI) is a life-threatening condition that can arise from several causes 
including infection, trauma, or exposure to toxic substances. Computational modeling can help researchers to understand the complex 
dynamics that occur in the lungs during such events. In this study, we simulated the kinetics of ANP pulmonary accumulation at 
different time points after LPS administration. The modular model developed in the BioUML platform allowed the simulation of the 
behavior of nanoparticles after pulmonary administration, characterized by further accumulation in the liver and spleen (to a minor 
extent in the kidneys), which was significantly delayed by inflammatory insults. The model showed that the distribution of nano
particles in the organs depended on the time after LPS administration. Thus, the level of ANP in the lungs increased, reaching a peak 6 h 
after LPS damage, whereas the concentration of ANP in the liver, kidneys, and spleen decreased. The model predicts that LPS induces 
an immediate (within the first 30 min) dramatic increase in lung and kidney tissue permeability, whereas splenic tissue permeability 
gradually increases 24 h after LPS injection. These data confirm the role of inflammation in unbalanced mass transport within different 
organs and tissues, and this phenomenon is particularly relevant in the generation of computational models of nanoparticle bio
distribution [96,97]. This information can then be used to inform the development of new therapies that can target specific organs 
affected by bacterial infections, thereby contributing to improved patient outcomes. Overall, the importance of computational 
modeling in this area of research cannot be overstated, as it promises to provide valuable insights into the mechanisms underlying this 
condition and helps develop effective therapies. 
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Appendix A 

In this section we provide a mathematical formulation of the model. 

A1. Common kinetic laws 

r1. The rate of ANP entry into the capillary blood of the compartment: 
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v1=Q ⋅
inputA
inputV

,Q = QC • QCC • BW0.75,

where inputV is the input plasma volume, QCC = 0.275 L/min denotes the cardiac output in mice, QC determines the fraction of QCC 
specific to the compartment, and BW is body weight. 

r2in. Diffusion of ANP through the capillary wall into the tissue interstitium depending on the permeability coefficient PAC and 
capillary blood volume Vb: 

vin
2 =PAC ⋅ Q ⋅

Ab
Vb

,Vb = V ⋅ BV,V = BW ⋅ VC.

where, BV is a fraction of the compartment volume V, and VC is a fraction of the body weight. 
r2out. The reverse process with distribution coefficient P and tissue interstitium volume Vt: 

vout
2 =

PAC ⋅ Q ⋅ At
Vt ⋅ P

,Vt = V − Vb.

r3in. The rate of endocytic/phagocytic uptake of ANP, described by the Hill function with parameters KRESmax (maximum uptake 
rate), KRES50 (time to reach a half-maximum uptake rate), and KRESn (Hill coefficient): 

vin
3 =KRESUP ⋅ At,KRESUP =

KRESmax • tKRESn

KRES50KRESn + tKRESn .

r3out. The rate of ANP release from endocytic/phagocytic cells, determined using the constant coefficient KRESrelease: 

vout
3 =KRESrelease ⋅ ARES.

r4. Outflow of ANP from capillary blood into the output plasma: 

v4=Q ⋅
Ab
Vb

.

A2. Common equations 

dAb
dt
= v1 − vin

2 + vout
2 − v4,

dAt
dt
= vin

2 − vout
2 − vin

3 + vout
3 ,

dARES
dt

= vin
3 − vout

3 ,

Atotal=Ab+ At + ARES,Ctotal =
Atotal

V
,

Atissue=At + ARES,Ctissue =
Atissue

Vt
.

A3. Lung module 

Common equations with the specific constants: 

QC=QLuC,BV = BVLu,VC = VLuC,PAC = PALuC,P = PLu,

KRES50=KLuRES50,KRESmax = KLuRESmax,

KRESn=KLuRESn,KRESrelease = KLuRESrelease.

A4. Spleen module 

Common equations with the specific constants: 

QC=QSC,BV = BVS,VC = VSC,PAC = PASC,P = PS,KRES50 = KSRES50,

KRESmax=KSRESmax,KRESn = KSRESn,KRESrelease = KSRESrelease.
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A5. Liver module 

dALb
dt
= v1 − vin

2 + vout
2 − vin

3 + vout
3 − v4,

dALt
dt
= vin

2 − vout
2 − vb,

dALRES
dt

= vin
3 − vout

3 ,

ALiver=ALb+ ALt + ALRES,ALivert = ALt + ALRES,

CLiver=
ALiver

VL
,CLivert =

ALivert
VLt

.

The equations include the specific constants: 

QC=QLC,BV = BVL,VC = VLC, PAC = PALC,P = PL,KRES50 = KLRES50,

KRESmax=KLRESmax,KRESn = KLRESn,KRESrelease = KLRESrelease.

VL and VLt denote the liver volume and liver tissue interstitial volume, respectively, whereas vb is the rate of ANP excretion with bile 
(reaction r5 in Fig. 1c): 

vb=KbileC ⋅ BW0.75 ⋅
ALt
VLt

.

Here, ALt is the amount of ANP in the liver tissue, VLt is the liver tissue volume, and KbileC is a constant. 

A6. Kidney module 

In addition to the common equations with the specific constants: 

QC=QKC,BV = BVK,VC = VKC,PAC = PAKC,P = PK,KRES50 = KKRES50,

KRESmax=KKRESmax,KRESn = KKRESn,KRESrelease = KKRESrelease,

the kidney compartment includes the reaction of ANP excretion from capillary blood through the urinary tract, which proceeds at the 
following rate: 

vu=KurineC ⋅ BW0.75 ⋅
AKb
VKb

,

where VKb and AKb denote the parameters originating from the common structure module and determining the volume of capillary 
blood of the kidneys and the amount of ANP in this volume, respectively, and KurineC is a constant. 

A7. The rest of the body module 

Common equations with the specific constants: 

BV=BVR, PAC = PARC, P = PR,KRES50 = KRRES50,

KRESmax=KRRESmax,KRESn = KRRESn,KRESrelease = KRRESrelease.

A8. Venous plasma module 

The rate of intravenous administration of ANP is calculated using injection time (Timeiv), injected dose (PDOSEiv), and body weight 
(BW) as follows: 

dAV
dt
=RIV=

⎧
⎨

⎩

PDOSEiv • BW
Timeiv

, if t < Timeiv,

0, otherwise,

where AV is the amount of ANP in venous plasma. The compartment volume VPv is assumed to be 80 % of the total plasma volume, 
which is calculated as a fraction VPIC of BW: 
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VPv=BW • VPlC • 0.8.

The venous concentration of ANP is defined by the ratio: 

CV=
AV
VPv

.

A9. Arterial plasma module 

The arterial plasma volume APv is 20 % of the total plasma volume, which is equivalent to 25 % of VPv: 

APv=0.25 • VPv.

The arterial concentration of ANP (CA) is equal to the amount (AA) divided by the APv: 

CA=
AA
APv

.

A10. The top level of the model 

The top diagram level includes algebraic equations to calculate volume of the rest of the body VRC from the fractional volumes of 
plasma (VPlC), lungs (VLuC), spleen (VSC), liver (VLC), and kidneys (VKC): 

VRC=1 − (VLC+VSC+VKC+VLuC+VPlC),

and to find blood flow to the rest of the body QRC from the fractional blood flows to liver (QLC), spleen (QSC), and kidneys (QKC): 

QRC=1 − (QLC+QSC+QKC).

The equations that convert simulated ANP concentrations in the tissues of the lungs (CLuT or CTissue in terms of the common 
structure module), spleen (CST), kidneys (CKT), and liver (CLT = CLiverT) to the experimentally measured values of the average total 
radiant efficiency of organs (TRELu, TRES, TREK, and TREL, respectively) are defined as follows: 

TRELu= k • CLuT,TRES = k • CST,TREK = k • CKT,TREL = k • CLT,

where k is a fitted constant. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e30962. 
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