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ABSTRACT
Pharmacokinetic studies using mathematical modeling examine the distribution of substances
in multiple organs and compartments over time. Accordingly, this paper investigates the effect
of cirrhosis-associated hepatocarcinogenesis on the pharmacokinetics of magnetic nanoparticles
(MNPs) by using an in vivomodel of cancer progression. To this end, a multichannel AC biosuscep-
tometry system was used to record the transit of MNPs, in the heart and the liver, in two groups
of animals: control (SAL), and within the diethylnitrosamine/thioacetamide-induced model of hep-
atocarcinogenesis (DEN/TAA). The evolution of MNPs concentration is then robustly described as
a compartmental model, considering the transfer rate of nanoparticles from the heart to the liver
(k1), their return from the liver to the heart through the circulatory system (k2), and their irreversible
uptake by Kupffer cells within a liver subcompartment (k3). Our nonlinear mixed-effects parameter
estimation modeling shows that k2 and k3 change between SAL and DEN/TAA groups, but not k1,
indicating that cirrhosis-associated hepatocarcinogenesis is likely to affect mainly liver pharmacoki-
netics. Correspondingly, this is precisely reported here by also presenting a covariance analysis and
an inter-individual variation of the transfer rates of themagnetic nanoparticles, contributing to their
development in theranostic applications and tailored drug delivery systems.

PLAIN LANGUAGE SUMMARY
Developingeffectiveways todiagnose and treat disease is a fundamental areaof applied sciences. To
this end, nanosized particles capable of interacting with external fields, such as magnetic nanopar-
ticles (MNPs), are a valuable tool for studying drug dynamics in biological systems. In conjunction
with alternating current biosusceptometry (AC biosusceptometry), MNPs can track biodistribution
processes in real-time in vivo experiments, allowing high temporal resolution and providing reli-
able data for modeling. Carcinogenic processes, such as cirrhosis-associated hepatocarcinogenesis,
can alter these dynamics, adding a layer of complexity to the analysis. Detecting and quantifying
these changes is not a straightforward task, especially in the presence of diseases and carcinogenic
processes. Here, we present the construction of a robust modeling framework to characterize the
kinetics and distribution of MNPs to improve the predictive capabilities of such theranostic delivery
systems. As a result, our analysis shows that the transfer rates of MNPs across the liver is significantly
sensitive to cirrhosis-associated hepatocarcinogenesis, contributing to more efficient, accurate and
dedicated theranostic applications to early stages of cancer development.
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1. Introduction

Magnetic nanoparticles (MNPs) have been explored as
a new potential theranostic agent, and several stud-
ies devoted significant efforts to employing MNPs in
biomedical applications. MNPs have been used in cell
separation, for magnetic particle imaging [1], as contrast
agents in magnetic resonance imaging (MRI) [2], and for

CONTACT Diego S. Rodrigues diego.rodrigues@ft.unicamp.br, diegosr@unicamp.br R. Paschoal Marmo, 1888, 13484-332, Limeira-SP, Brazil

magnetic hyperthermia [3]. There are different measure-
ment techniques todetermine themagnetic properties of
MNP. The linear dynamic magnetic susceptibility of MNP
is commonly characterized by measuring their magneti-
zation response as a function of frequency in alternating
magnetic fields at low amplitudes (to ensure linearity)
using alternating current (AC) susceptometer devices.
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Over the years, the Alternating Current Biosusceptom-
etry (ACB) system has been used in numerous studies to
evaluate physiological and pharmacokinetic parameters,
either through animal models or even in humans [4]. Cur-
rently, theACB system includes studies evaluatingMNP in
biological systems [5–7]. The system behaves like a mag-
netic material detector through an arrangement of coils
that can be used in in vitro and in vivo assessments.Within
different ACB system setups, the multichannel ACB sys-
tem (MC-ACB) allowsdynamic acquisitionsof thedistribu-
tion of MNP in real-time with a high temporal resolution
[8]. Besides, MC-ACB can reconstruct MNP content in vitro
and quantify biodistributions of MNPs in animals [8].

To ensure thenon-toxicity and safety ofMNPs, its phar-
macokinetics is one of the main concerns when applied
to in vivo experiments and clinical procedures. Intrinsic
characteristics of MNPs result in affinity or repulsion to
specific tissues, organs, or systems, requiring pre-clinical
characterization studies, which aim to elucidate the rela-
tionships between the structure and activity of MNPs
within an organism. For example, it is known that once
the nanoparticles enter the body, the interaction with
the immune system results from the particle opsoniza-
tion upon contact with blood and plasma proteins. Fol-
lowing opsonization, the nanoparticles are quickly rec-
ognized and captured by the mononuclear phagocyte
system, which consists of monocytes and macrophages,
especially from the liver and spleen. Nanoparticles larger
than 200 nm are sequestered by filtration in the spleen,
whereas nanoparticles smaller than 6 nm are rapidly
removed from the blood via renal clearance. Nanopar-
ticles with diameters between 6 and 200 nm are prefer-
entially captured by the Kupffer cells in the liver. As the
evidence shows a high accumulation of the MNPs in the
liver, the MNPs present a significant potential to be used
as a contrast agent to imagingmodalities such as the ACB
system [8–10].

From the development of nanotechnology, MNPs
have emerged as an alternative tool to conventional
strategies [11–13] to be used as multifunctional probes
for diagnosis and treatment aimed at liver diseases
[14–18]. In this perspective, as of particular interest here,
and as amajor risk factor for liver cancer, hepatic cirrhosis
is a disease that affects the liver due to repetitive lesions
not treated over a long period, generated by chronic
alcohol consumption and diseases such as hepatitis C.
Thedisseminated fibrotic state characterizes cirrhosis, the
appearance of nodules in the tissue, and micro-fistulas
between afferent and efferent vessels, determining the
non-reversibility of lesions [19, 20].

To reach the real translational potential of MNPs, their
biodistributionmust bebetter understood from thepoint

of view of their systemic pharmacokinetics. Pharmacoki-
netic studies based on mathematical modeling consist
of assessing molecule distribution among various com-
partments of the biological system over time, elucidat-
ing physiology and generally establishing an essential
descriptive and predictive tool to investigate and under-
stand the rates of absorption, distribution, metabolism,
and excretion [21].

Compartmentmodeling is required in pharmacokinet-
ics due to specific physiological processes in body organs.
The association between theoretical and experimental
assessments can result in a more complete and valuable
tool to fully comprehend the biological process and pre-
dict the MNP pharmacokinetics [22]. Other than Dogra
et al. [22], we refer to the works of Sousa-Junior et al. [23],
Celechovska [24] and Baleanu et al. [25] as examples of
valuable studies in pharmacokinetic modeling that use
in vivo data and deserve to be cited as our sources of
inspiration for the present work. Since we are interested
in possible differences in MNPs pharmacokinetics caused
by hepatocarcinogenesis, we refer to the similar work of
Berglundet al. [26] as a valuable example of a studywhere
two groups of individuals (case and control) are eval-
uated and compared for changes in pharmacokinetics
caused by hepatocarcinogenesis. The calculated results
accurately estimate the MNP parameter pharmacokinet-
ics, comprising a realistic outcome when compared with
experimental data.

Through a mathematical modeling perspective, here
we address the in vivo biodistribution of MNPs detected
by the MC-ACB system, and how the pharmacokinetics
of theMNPs is affected by cirrhosis-associated hepatocar-
cinogenesis. Accordingly, to quantitatively describe how
this diseasemay change the biodistribution ofMNPs, two
different groups of animals are addressed here: a control
group with healthy animals and a group of individuals
in which the process of hepatocarcinogenesis has been
started [27]. This assessment was already presented in
another paper [9], but not in terms of pharmacokinetic
modeling. Here we fill this gap by introducing a sim-
ple ordinary differential equation (ODE) model to access
changes in the pharmacokinetics of MNPs caused by the
initiation of hepatocarcinogenesis.

2. Methods

2.1. Diethylnitrosamine/thioacetamide-induced
hepatocellular carcinomamodel

Our experimental data is derived from the diethylnitro-
samine/thioacetamide-induced rat model of cirrhosis-
associated hepatocarcinogenesis [9]. Regarding the
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relevance of this preclinical biological model, it is impor-
tant to highlight that the diethylnitrosamine (DEN) and
thioacetamide (TAA)-induced liver injury model is a
widely used tool for studying cirrhosis-associatedhepato-
carcinogenesis due to its ability to replicate many critical
aspects of human disease. This model is essential as it
faithfully mimics preneoplastic lesions, cellular prolifera-
tion, and tumor development in a cirrhotic environment,
including increased collagen deposition and hepatocyte
proliferation, reflecting the progression of the disease in
humans [28]. Furthermore, the model enables in-depth
examination of molecular and biochemical alterations
associatedwith hepatocarcinogenesis, such as the upreg-
ulation of genes related to extracellularmatrix deposition
and the reduction in antioxidant enzyme activity, which
are crucial aspects of disease progression [29, 30].

The flexibility and experimental control offered by ani-
malmodels like DEN/TAA are of great importance, as they
allow a high degree of control over experimental con-
ditions. This facilitates the reproducibility of results and
detailed investigation of underlying pathological mech-
anisms [31]. Although the observation that only 20% of
animals develop hepatocellular carcinoma (HCC) might
be seen as a limitation, this rate is representative of the
clinical reality, where only a fraction of patients with cir-
rhosis develop HCC. Thus, the model mimics the natural
progression of the disease, being relevant for studying
the factors that contribute to disease progression [32].

The variability in the animals’ response to chemical
treatment can provide valuable insights into the hetero-
geneity of the response to liver damage and the progres-
sion to HCC. This is fundamental for identifying risk fac-
tors and protective mechanisms relevant to translational
medicine [33]. Furthermore, the low incidence of HCC in
a chemically induced cirrhotic context better reflects the
pathogenesis observed in humans, where not all patients
with cirrhosis develop liver cancer. Studies have shown
that the DEN/TAA model presents molecular and histo-
logical characteristics that closely resemble human hep-
atocarcinogenesis [32].

2.2. In Vivo experiments withmagnetic
nanoparticles by alternate current
biosusceptometry

In this study, we utilized signals acquired from the MC-
ACB system of a published work [9]. As reported in ref.
[9], all animal experiments were previously approved and
performed following the recommendations issued by the
National Council for Control of Animal Experimentation
(CONCEA) and were approved by the Ethics Commit-
tee on Animal Use of the São Paulo State University
(IBB/UNESP) under protocol 7571041120. The MC-ACB

system was designed to monitor the circulation of
MNPs due to its high temporal resolution and suitabil-
ity for dynamic acquisitions. Using it, we simultaneously
recorded the passage of MNPs in the heart and their
accumulation in the liver. From these signals, we recon-
structed the biodistribution of MNPs through quantita-
tive sequential images at a sampling frequency of 20Hz.
We selected regions of interest (ROIs) from these images
representing the heart and liver regions, as detailed in [9].
By recording the heart region, we assessed MNPs in the
bloodstream while mapping their accumulation in the
abdomen. Additionally, we also employed a second ACB
setup to quantify the final mass of MNPs accumulated in
the liver after the animal’s death [10]. The data used for
fitting the model is available upon reasonable request.

2.2.1. Magnetic nanoparticles (MNPs)
The complete characterization of the MNPs can be found
at [34]. These have proven adequate over the years, pre-
senting an excellent low-field magnetic response to ACB
systems. As explored here, the association of the MNP as
a tracer agent and the ACB system has enabled several
evaluations of physiological processes under healthy and
unhealthy conditions [7].

2.3. Mathematical modeling

In order to describe how the condition of hepatocarcino-
genesis may change the pharmacokinetics of MNPs, here
we address a SAL (control) group composed of signals
of 9 healthy rats and a DEN/TAA (case) group composed
of signals of 8 animals in hepatocarcinogenesis. These
signals were selected from larger groups of animals of
a previous study [9] as useful representative signals for
our purpose of pharmacokinetic modeling. To describe
how the pharmacokinetics of theMNP is affected by hep-
atocarcinogenesis, we propose the following ODE model
(see Figure 1):⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

d
dt

(x/V1) = −k1 (x/V1) + k2(y/V2),

d
dt

(y/V2) = k1 (x/V1) − k2 (y/V2) − k3 (y/V2),

d
dt

(z/V2) = k3 (y/V2),

(1)

(2)

(3)

where x = x(t), y = y(t) and z(t) are the amounts of
the MNPs in each compartment: x(t) refers to the heart,
and y(t) plus z(t) refers to the liver, being z(t) its sub-
compartment [22]. Regarding the parameters, k1, k2
and k3 are the transfer rates between compartments
(expressed in units of 1/seconds), and V1 and V2 are
hypothetical volumes of the compartments, V1 for the
heart and V2 for the liver (usually expressed in units of
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Figure 1. Schematics of the compartment model for the MNPs
biodistribution.

milliliters). Thus, the model is formulated using concen-
trations of MNPs.

We hypothesize that the parameters of themathemat-
ical model should be statistically different between the
SAL (control) and DEN/TAA (case) groups. To test this
hypothesis against experimental data, besides individual
fittings for each signal, we proceed with parameter esti-
mation at a populational level for each group. By using
the measured data for both x(t)/V1 and (y(t) + z(t))/V2
our goal is twofold: (1) to accurately describe thebiodistri-
bution of MNPs at the individual level and (2) to use such
a description at the group level to access possible rele-
vant changes in the distribution of MNPs caused by the
process of cirrhosis-associated hepatocarcinogenesis.

It is essential to emphasize that the systemgivenby the
Equations (1), (2) and (3) is very similar to the model pro-
posed by Watt & Young [35], applied and studied in even
more details by Celechovska [24], and used by Baleanu
et al. in a setting of fractional derivatives [25]. The last two
studies also include parameter estimation relying upon
experimental data. However, in our case, we also have the
compartmental volumesV1 and V2 appearing explicitly as
parameters of the Equations (1), (2), (3). Besides accessing
different parameters for each of the experimental groups
(DEN/TAA and SAL), we emphasize to the reader that
these volumes are key elements of our work in terms of
achieving suitable fittings.

To estimate the parameters of the model, we use the
Nonlinear Mixed Effects Modeling (NLME) implemented

in the Mathematica� package NLMEModeling [36–38].
To avoid non-identifiability in the parameter estimation
process, and considering that available measured data
are for the quantities x(t)/V1 and ( y(t) + z(t) )/V2, we
expressed the model in terms of the volume ratio VR =
V2/V1. The parameters V2 and V1 cannot be estimated
separately because in such a case the model is not iden-
tifiable. This need of estimating the ratio VR = V2/V1
to reach parameter identifiability was confirmed using
IdentifiabilityAnalysis [39–42]. For the sake of
clarity, the model we used in our fittings was the follow-
ing:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

d
dt

x = −k1 x + k2 y/VR,

d
dt

y = k1 x VR − k2 y − k3 y,

d
dt

z = k3 y.

(4)

(5)

(6)

To proceedwith parameter estimation, two elements are
needed to use the NLME approach: an observationmodel
for the errors of our observables x(t)/V1 and ( y(t) +
z(t) )/V2 (coded in the matrix �2×2), and a structure of
covariance for the parameters k1, k2, k3, VR (specified as
the matrix �4×4). The latter establishes random effects
ηi for the parameters due to the individual variability
within a population group such that ηi ∼ N (0,�), i.e.
a multivariate normal distribution with zero mean and
covariance matrix �.

For the covariance matrix of the residual error, we
assume a quite general form, based on proportional and
additive errors with unknown parameters s1 and s2 for
x(t) and unknown s3 and s4 for y(t) + z(t):

� =
(
[s1 x(t)]2 + s22 0

0 [s3(y(t) + z(t))]2 + s24

)
. (7)

For the covariancematrix of the randomeffects (�), to not
impose a closed form, we assume non-zero covariance
between the random effects of each parameter (k1, k2, k3,
and VR). Regarding data, the individual time series com-
prises the initial conditionplus 60points, eachpoint taken
each 5 seconds (times 0, 5, 10, 15, . . . , 300). These are the
original raw data signals for the heart and liver with no
filtering.

Based on extensive numerical tests, we claim that the
data for the heart or the liver cannot be simultaneously
fitted without the use of compartmental volumes. This
way, the parameter VR is the missing degree of free-
dom needed for fitting the data measured both at the
heart and liver compartments. The raising of this addi-
tional degree of freedom generated by VR can be under-
stood by inspecting the analytical solution of our ODE
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system (4), (5), (6) in the specific case for which x(0) = x0
and y(0) = z(0) = 0:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

x(t) = x0
e−p t

[
(2 k1 − ks)(1 − er t) + r(1 + er t)

]
2 r

,

y(t) = x0
k1 e−p t(er t − 1)

r
VR,

z(t) = x0
e−p t

[
2 rep t − ks(er t − 1) − r(1 + er t)

]
2 r

VR,

(8)

(9)

(10)

where

⎧⎪⎪⎨
⎪⎪⎩

ks
.= k1 + k2 + k3 > 0,

r
.= (ks

2 − 4 k1 k3)1/2, ks
2 − 4 k1 k3 > 0,

p
.= (ks + r)/2 > 0.

(11)

(12)

(13)

since ks
2 − 4 k1 k3 = (k1+k2+k3)2 − 4 k1 k3 = (k1− k3)2

+ k22 + 2 k1 k2 + 2 k2 k3 > 0.
We note that the parameter VR appears as a simple

scale factor in Equations (9) and (10), related to the liver,
but not in Equation (8), which refers to the heart. There-
fore, changes in the parameter VR do not affect the value
of x(t), thus generating the additional degree of free-
dom required to obtain proper fittings of the model to
experimental data.

3. Results

In another work, a classical pharmacokinetic statistical
assessment is used to investigate the circulation and dis-
tribution of MNPs within the body [9]. Building upon
these findings, here we use a pharmacokinetic modeling
approach to provide a deeper understandingof the trans-
fer rates of MNPs between the liver and circulating blood.
Our analysis is focused on the kinetic parameters k1, k2,
k3, and also on the volume ratio for the liver, VR. Ourmoti-
vation here is to detect possible changes in the pharma-
cokinetics of MNPs due to the cirrhosis-associated hepa-
tocarcinogenesis. As described in the preceding section,
this is addressedhereby fitting theparameters of theODE
system given by the Equations (4), (5), (6) for two groups:
DEN/TAA (case), and SAL (control).

Regarding the MNP pharmacokinetics, in Figure 2 we
report the value of each kinetic parameter (k1, k2, k3)
as an average and respective standard error bars within
each group (SAL or DEN/TAA). Remarkably, we show that
both k2 and k3 are found to be different between groups,
but not k1. This is consistent with the fact that the MNP
liver pharmacokinetics is expected to be affected by
the chemically-induced cirrhosis-associated hepatocar-
cinogenesis of the DEN/TAA. Regarding k1, although the
respective group averages seem to be different between

Figure 2. Averages and respective standard errors for k1, k2, k3 in
SAL and DEN/TAA groups.

SAL and DEN/TAA, there is a complete overlap of the esti-
mated intervals such that significant differences cannot
be attested for this parameter. This is consistent with the
fact that k1 is a transfer rate of MNP leaving the heart
(compartment x(t)) and that k2 and k3 are transfer rates
of MNP leaving the liver (compartment y(t) plus the sub-
compartment z(t)). These latter parameters are shown to
be affected by cirrhosis-associated hepatocarcinogene-
sis.

For the sake of completeness, and to directly illustrate
the capability of our modeling in describing experimen-
tal data, we show one of the calibrated individual fittings
in Figure 3. The other curves also fit the respective exper-
imental data accordingly.

In addition to Figure 2, besides average values and
standard errors for SAL and DEN/TAA, we also report the
relative standard errors (RSE) and the inter-individual vari-
abilities (IIV) for all theparameters in Table 1. According to
the population modeling literature, it is established that
RSE < 30% is considered good and that RSE around 50%
also appears quite often [43–45]. However, this highly
depends on sample size [43]. In our study, we have less
than 10 individuals in each group, and thenwe argue that
our RSEs are acceptable [43]. Considering that each group
is composed of less than ten individuals, and given the
fact we are estimating all the parameters of the model
and also their variances, the resulted values of RSE and IIV
for both SAL (control) andDEN/TAA (case) are acceptable.
Accordingly, reaching such proper fittings was possible
because the NLME framework is one of the most suit-
able approaches to handle population data with high
variability [46].

The preceding results for k1 are consistent with an
analysis present in a paper regarding the MNP circula-
tion time using first-order kinetics based on simply half-
life T1/2 [9]. With statistical significance, the initial study
reports a decrease in MNP circulation time for DEN/TAA



6 D. S. RODRIGUES ET AL.

Figure 3. Oneof themany individual fittings of themodel: curves of x(t) and y(t) + z(t) for theMNPamount vs. t (in seconds) compared
against the respective experimental data.

Table 1. Parameter estimateswith standard errors, relative standard errors (RSE), and inter-individual variability (IIV).

Parameter Units SAL Group DEN/TAA Group

Estimate Standard Error RSE (%) IIV (%) Estimate Standard Error RSE (%) IIV (%)

k1 1/s 0.01008050 0.00253781 25.2 42.5 0.0159079 0.00840803 52.8 57.9
k2 1/s 0.00537034 0.00126835 23.6 77.9 0.0138524 0.00678912 49.1 78.6
k3 1/s 0.00041223 0.00021765 52.8 103.4 0.0021632 0.00059806 27.6 26.2
VR – 1.08015000 0.00838395 0.77 97.8 1.1405000 0.01986210 1.74 84.7

Notes: The latter was approximately computed as the square root of the diagonal entries of the population covariance matrix�.

group (T1/2 = 11.2 ± 3.1minutes) in comparison to the
SAL group (T1/2 = 19.6 ± 2.3minutes). This shorter circu-
lation half-life of MNP in DEN/TAA is consistent with a
higher value of k1 for this group reported in Table 1.

Regarding k2, it defines how quickly the MNPs are
transferred from the liver to circulating blood, and then to
the heart. That being, our results suggest that the liver in
a cirrhosis-induced process exchanges a higher amount
of blood, resulting in more intensive MNP exchange.
Regarding k3, it defines the rate at which MNPs are irre-
versibly transferred from the liver compartment to a sub-
compartmentwithin this organ [22]. Based on this param-
eter, our results indicate a faster absorption of MNPs by
the liver for which the process of hepatocarcinogenesis
has been started.

To further analyze our results for k3, we related
them to a classical pharmacokinetic analysis presented
in the other paper in which the time to the high-
est MNP level at the liver Tmax was reported [9]. It is
observed that livers undergoing cirrhosis exhibited a
lower peak of MNP attained in a shorter time (Tmax =
16.7 ± 1.1minutes) in comparison with healthy livers
(Tmax = 26.6 ± 0.5minutes). Our pharmacokinetic mod-
eling reveals higher values for k3, explainingwhy cirrhotic
livers exhibited a quicker MNP saturation than healthy
livers, probably because in the former the Kupffer cells are
more likely to MNP absorption.

4. Discussion

Mathematical models are essential for predicting and
understanding complex phenomena such as nanopar-
ticle interactions with living systems [47, 48]. They can
provide predictive capabilities for rational product design
and descriptive insights into underlying mechanisms.
Sometimes a more detailed incorporation of complex
underlying processes is mandatory to achieve a more
robust modeling for a certain purpose [22]. At other
times, however, the use of simple models is required
to offer valuable insights or useful descriptions through
calibration with available experimental data [24]. The
understanding of the interaction mechanisms of mag-
netic nanoparticles with liver structures and how their
uptakeoccurs is crucial for developingeffective therapies.
Mathematical models can help to illuminate these mech-
anisms by providing a useful and relevant framework for
analyzing and interpreting experimental data [49, 50].

The modeling framework proposed in this research
study provides a suitable description to quantitatively
describe the biodistribution of MNPs in healthy and cir-
rhotic rats. Using a set of ordinary differential equations,
the model allows for the estimation of transfer rates
between compartments. The model’s significance is pri-
marily derived from its potential to inform the develop-
ment of targeted drug-delivery strategies for treating and
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diagnosing hepatocellular carcinoma [51]. Understand-
ing how the condition of cirrhosis-associated hepatocar-
cinogenesis affects the biodistribution of MNPs may help
interested researchers in designing more effective treat-
ment protocols that maximize therapeutic efficacy while
minimizing the risk of toxicity to healthy tissues [52]. In
addition, the model may also have wider implications in
thedevelopment of drugdelivery systems, as it provides a
useful framework for predicting thedistribution andelim-
ination of drugs or nanoparticles throughout the body
[53]. Finally, it also provides a deeper analysis than the
already reported MNPs biodistribution under a hepatic
disease [9].

Regardingmore specific aspects, we observe that dur-
ing some pathological conditions such as chronic liver
disease, liver sinusoidal endothelial cells (LSECs) undergo
“capillarization,” a process characterized by loss of fen-
estrations and acquisition of a vascular phenotype. Cap-
illarization has been reported as an indicator of the
fibrosis/cirrhosis process. Upon capillarization, the van-
ished fenestrae in LSECs significantly hinder substance
exchange between the blood and liver cells. This could
affect blood flow to hepatocytes [54–56].

The capillarization process can be related to our results
once the value of k2 is higher in the cirrhotic animals, indi-
cating that the liver blood returns to the heart quickly.
Since there was no extravasation to the hepatocytes, the
blood tends to return to the heart more intensely. On the
other hand, the value of k3 is higher for cirrhotic animals,
showing that MNP accumulates faster in Kupffer cells,
which may be associated with an anticipated saturation
process that cirrhosis induces in the liver due to the high
blood flow that the liver receives [57].

When injected intravenously, magnetic nanoparticles
(MNPs) are selectively taken up by the liver [58]. The
liver is a complex organ composed of many different cell
types that vary in both morphology and function, yet are
closely interconnected. Liver cells can be divided into two
major groups: parenchymal hepatocytes, which make up
about 60–80% of the total number of liver cells, and
non-parenchymal cells, which comprise approximately
20–40% of the total cells [49, 59].

In this context, it is interesting toquestionwhy the liver
is the main target of nanoparticles. This aspect has been
reviewed over the years by many researchers. Consider-
ing that the internalization process is influenced by the
size of the nanoparticles as well as other properties such
as charge. Generally, larger nanoparticles (with a diam-
eter of 100–200 nm) demonstrate more efficient uptake
by the liver [14, 60]. In addition, the main point is that
after being part of the bloodstream and gaining access
to the liver, there is a decrease in the speed of blood
flow within the hepatic sinusoids [61–63]. This allows for

intense interaction between hepatic structures, including
Kupffer cells andhepatocytes, andblood [64]. It shouldbe
noted that resident macrophages in the liver are strate-
gically positioned in the hepatic sinusoids, which favors
this interaction between blood and these macrophagic
structures.

Besides, the exposure of these nanoparticles to these
different cells is not homogeneous. This is because the
parenchymal part (mainly consisting of hepatocytes) is
separated from thebloodstreamby thehepatic sinusoids.
These sinusoids have fenestrations ranging from 50 to
200 nanometers, which serve as a filter for nanoparticles
smaller than 200 nanometers to access the space of Disse
and have contact with the hepatocytes themselves [49,
64, 65]. Thus, some nanoparticles can pass through the
hepatic sinusoids and return to the systemic circulation
via the central vein [66, 67]. This may allow accumula-
tion in other organs and tissues such as the spleen, lungs,
tumor, etc. These releasednanoparticles that escape from
the liver can circulate and return to the liver to be cap-
tured by Kupffer cells.

It is known that during the cirrhosis process, the phe-
notype of the hepatic sinusoid changes drastically. Liver
injury leads to endothelial dysfunction with loss of fen-
estrations and deposition of a basement membrane, a
process known as capillarization. This process can signifi-
cantly impair the exchange of substances between blood
and hepatic cells [54, 68, 69]. This way, the data sug-
gest that blood containing nanoparticles when accessing
the damaged sinusoid (subjected to capillarization) did
not allow these nanoparticles to reach the Disse space
and the hepatocytes. They returned more quickly to the
bloodstream compared to the healthy group, which is
justified by the higher value of k2.

It is worth pointing out that nanoparticles can inter-
act with different liver cells, including hepatocytes and
non-parenchymal cells, such as Kupffer cells. While non-
parenchymal cells typically take up most nanoparticles,
particles that interact with hepatocytes can be cleared
from the body via the hepatobiliary pathway [70, 71].
Typically, nanoparticles with a diameter less than 150 nm
can evade capture by Kupffer cells and pass through the
fenestrations in the sinusoids, reaching the Disse space
[72].

The liver sinusoids and intrahepatic blood flowdynam-
ics are thought to direct particle extravasation from the
liver sinusoids to the parenchymal regions through two
processes: “forced sieving” and “endothelial massaging.”
Forced sieving happens when erythrocytes, which are
soft and fast-moving, pass through narrow sinusoids and
promote the entrance of fluid, solid-phase droplets, or
particles such as chylomicrons into the space of Disse.
Endothelial massaging happens when white blood cells,
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which are rigid, pass through narrow sinusoids and com-
press the spaceofDisse, causingdisplacementof fluid [73,
74]. These processes were demonstrated by Wisse et al.
[75] using in vivo microscopy to observe the interaction
between blood cells and the fenestrated sinusoidal wall.
In addition to both processes which act to blood extrava-
sation to a parenchymal portion of the liver (Disse space
and hepatocytes), deep and superficial hepatic lymphatic
vessels may play a role in returning particles not taken
up by hepatocytes to the systemic circulation [76, 77].
Once this blood return is considered slower by the central
vein, it would justify our k2 lesser values for the healthy
group. The nanoparticle’s interaction with hepatocytes
is size-dependent. While large nanoparticles are prefer-
entially taken up by Kupffer Cells, hepatocytes endocy-
tose small nanoparticles. Also, the hepatocytes present a
much lower uptake rate than macrophages [78].

According to previous characterizations and studies
of the magnetic nanoparticles (MNPs) used in our math-
ematical modeling, these particles exhibit a high affin-
ity for uptake by Kupffer cells. This is primarily due to
their appropriate size, which facilitates recognition and
uptake [52, 79]. In addition, it has been demonstrated
that the hydrodynamic size of these MNPs makes them
more susceptible to corona protein formation during the
opsonization process. When MNPs are exposed to a bio-
logical medium, they interact with themolecules present
in that medium. These molecules can adsorb onto the
surface of the nanoparticles, forming a coating known
as the corona [80]. This corona is composed of vari-
ous molecules, including ions, proteins, surfactants, and
other biomolecules present in the surrounding medium
[81, 82]. The formation of this protein layer indirectly
influences the effective size of the MNPs. This layer can
increase the hydrodynamic radius or apparent size of the
MNP [83].

In association with the non-extravasation to Disse
space and hepatocytes, the blood flow circulation within
the hepatic tissue is affected during liver diseases such
as cirrhosis. It is discussed that the speed of blood flow
within the hepatic sinusoids decreases as the diame-
ter of the hepatic sinusoids becomes smaller [63]. Thus,
we believe that the data are in line with this per-
spective of hemodynamic alteration that occurs dur-
ing liver diseases, since the process of capillarization
acts by blocking and closing the fenestrations that were
previously present in the sinusoids. This phenomenon
would be responsible for justifying the higher value of
k3 found for cirrhotic animals. Since the blood did not
extravasate and reach the hepatocytes, it decreased its
speed and could interact much more intensely with the
Kupffer cells, being captured and retained in the hepatic
tissue.

5. Concluding remarks

This study highlights the relevance of mathematical
modeling for understanding complex phenomena such
as nanoparticle interactions with living systems, par-
ticularly in developing effective therapies for cirrhosis-
associated hepatocellular carcinoma. The proposedmod-
eling approach provides a powerful tool to quantitatively
describe the biodistribution of magnetic nanoparticles in
healthy and cirrhotic rats, allowing for the estimation of
pharmacokinetic rate parameters regarding the distribu-
tion of themagnetic nanoparticles. This achievementwas
made possible by employing an innovative experimental
technique that provided relevant physiological data for
the mathematical model.

Besides providing an accurate description of the con-
centration of nanoparticles in the liver and heart com-
partments over time, which may assist the development
of targeted drug-delivery strategies, ourmodeling results
suggest that the cirrhotic liver presents a higher blood
flow than the healthy liver, which can be attributed to the
elevated mass and high blood pressure in the veins that
supply the liver, known as portal hypertension. Further-
more, the capillarization process, characterized by loss of
fenestrations and acquisition of a vascular phenotype in
liver sinusoidal endothelial cells, could affect blood flow
to hepatocytes andmay be associated with the observed
differences in pharmacokinetic rates of nanoparticles in
Kupffer cells. Finally, this study provides complementary
insight into the biodistribution ofmagnetic nanoparticles
under hepatic disease and demonstrates the potential
of mathematical models for analyzing and interpreting
experimental data in developing drug delivery systems,
also contributing to their development in theranostic
applications.
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