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Abstract
Purpose: The purpose of this study was to show a systematic strategy for assessing the
pharmacokinetics of indocyanine green (ICG)-loaded nanoparticles in the tumor tissue based on
a dynamic diffuse fluorescence tomography (DFT) system.
Procedures: Twelve-seven-week-old male Balb/c nude mice bearing HepG2/ADR hepatocellular
carcinoma were randomly divided into four groups (n = 3 per group). Four hundred microliters of
three types of ICG-loaded nanoparticles (content of ICG: 50 μg/ml) and free ICG (50 μg/ml) was
intravenously injected into the mice in each group, respectively. Afterwards, the real-time
tomographic images on the spatial level were acquired at 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10,
12, and 24 h post-injection, and pharmacokinetic rates were derived for semi-quantitative
assessment of the pharmacokinetics of nanoparticles at the tumor site using our proposed
pharmacokinetic analysis method.
Results: The results obtained from our proposed dynamic DFT experiment demonstrated the
distribution of different ICG formulations on the spatial level and enabled the semi-quantitative
analysis of the pharmacokinetics of nanoparticles in the tumor tissue.
Conclusions: The obtained pharmacokinetic rates effectively reflected the metabolic processes
of nanoparticles in the tumor tissue, which proves to be beneficial for the development of tumor
diagnosis and therapy.
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Introduction
Nano-based drugs represent a promising pathway for
enhancing the therapeutic index of chemotherapeutic drugs
with reduced side effects, thereby potentially improving the
quality of life for cancer patients [1–3]. Compared to free
drugs, nano-based drugs offer various advantages such as a
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high loading capacity, efficient protection of bioactive drugs,
and distinct in vivo pharmacokinetic pathways [4].

When designing new nano-drugs, the evaluation of
biodistribution and pharmacokinetics constitutes important
preliminary data for the understanding of drug performance
in biomedical tissues. In preclinical trials, traditional in vitro
methods are generally used by sacrificing subsets of animals
(often mice) at different time points to collect plasma and
measure the drug concentration in each [5, 6]. With this
information, the concentration-time curve for the pharmaco-
kinetic analysis can be determined by using a high number
of replicates at each time point for increasing the statistical
power. For example, Song et al. have adopted inductively
coupled plasma mass spectrometry (ICP-MS) to measure
concentrations of the interior label Pt in the plasma for
reflecting the metabolic behavior of a drug in mice bearing a
subcutaneous xenograft tumor [6]. Conversely, in vivo
methods can track the metabolic progress of the drug in a
non-destructive manner within a single animal at multiple
time points. This method may be beneficial for reducing cost
and individual differences [7, 8]. Presently, fluorescence
imaging constitutes one of the most fundamental paradigms,
providing insights into either organism-drug interactions or
pharmacological mechanisms by fluorescent labeling of
biomolecules or drugs. Correspondingly, the fate of admin-
istered drugs can be reflected by detecting the pathway of
the probes and measuring the relative fluorescence intensi-
ties in various tissues. Currently, most commercially
available fluorescence imaging devices for live small
animals offer the ability to continuously show the planar
hierarchy distribution of fluorescence by charge-coupled
device (CCD) imaging [9–11]. However, planar images
represent the superposition of fluorescence signals from
multiple depths, thus enabling the qualitative or semi-
quantitative characterization of fluorescence intensities at
depths of only a few millimeters.

To the best of our knowledge, diffuse fluorescence
tomography (DFT) is able to three-dimensionally and quanti-
tatively retrieve fluorescence distribution. The method offers
numerous advantages including a non-invasive and radiation-
free analysis, lower cost than common devices available to date
and high sensitivity [12, 13]. Currently, most of the prototype
systems developed for DFT are unsuitable for capturing fast-
changing signals due to a particularly long image acquisition
time. To overcome this limitation, dynamic DFT has been
developed to record a sequence of tomographic images at
different time intervals. Thus, the method may aid in a better
understanding of the complete dynamic course of absorption,
distribution, and elimination of fluorescence agents in biolog-
ical tissues [14]. To date, some novel types of fluorescent
probes and reporter technologies have been successfully
developed, while indocyanine green (ICG) with peak excita-
tion and fluorescence emission wavelengths of about 780 nm
and 830 nm, respectively, remains a commonly used fluores-
cence agent as the only fluorescent dye certified by the United
States Food and Drug Administration [15, 16]. For example,

Burak et al. acquired a sequence of ICG concentration images
of breast tumors using a CCD-based DFT system and further
obtained pharmacokinetic rate images employing a two-
compartment model [17]. Meanwhile, Bai et al. estimated the
ICG pharmacokinetic rates of mouse liver with a hybrid
imaging system of CCD-based DFT and X-ray computed
tomography [18]. As one of the commonly used detection
devices in DFT system, CCD can rapidly detect optical signal
of one projection and achieve a high spatial resolution owing to
large amounts of photosensitive elements. However, it is
problematic and costly to acquire adequate signal-to-noise
ratio over a complete 360° projections. An alternative is to
adopt fiber-based detection model combined with an array of
photomultiplier tubes (PMTs) or photodiodes and photon
counting technique. This model is able to obtain high detection
sensitivity and wide dynamic measurement range, which
effectively compensates for its limitation in spatial sampling
density by increasing the angle of view for one projection
collection. In previous studies on ICG pharmacokinetics in the
mouse liver, considering the poor quantum efficiency (0.016)
of ICG and the fast metabolism of ICG in the liver, we have
proposed a dynamic DFT system by combining PMTs and
photon counting techniques for capturing fast-changing signal
and designed a CT-analogous scanning mode to effectively
improve spatial sampling resolution [19]. Additionally, a
serial-to-parallel measurement strategy for achieving a tradeoff
between the time resolution and the cost-effectiveness was
adopted, where acquiring a complete frame of data can be
performed by optically switching four parallel PMT photon-
counting channels to eight detection sites sequentially.

Herein, we report a systematic strategy for the in vivo and
semi-quantitative assessment of the pharmacokinetics of
ICG-loaded nanoparticles in a mouse tumor model based
on our proposed DFT system. In this work, the
biodistribution of three types of lab-designed ICG-loaded
nanoparticles and free ICG in mice with epidermal tumors
were imaged using dynamic DFT. Furthermore, the phar-
macokinetics of these nanoparticles were analyzed by
extracting the pharmacokinetic rates from the reconstructed
ICG concentration-time curves of tumor regions based on a
two-compartment model. The experimental results demon-
strated the feasibility of the dynamic system for monitoring
the nanoparticle localization and following the nanoparticle
activity in the tumor tissue. In addition, the obtained
pharmacokinetic rates could be used to effectively reflect
the metabolic progress of nanoparticles in the tumor tissues.

Materials and Methods
Materials

ICG was purchased from Liaoning Tianyi Biological
Pharmaceutical Co., Ltd. (Liaoning, China). The fluorescent
probe was encapsulated into three different types of
nanoparticles as follows: (1) ICG-loaded biodegradable
nanoparticles self-assembled from two copolymers of
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biotin-polyethylene glycol-poly lactic acid-co-glycolic acid
(BIO-PEG–PLGA) and lactic acid-polyethylene glycol-poly
lactic acid-co-glycolic acid (LAC-PEG–PLGA), coined
BIO-PEG–PLGA/LAC-PEG–PLGA, were produced at
Tianjin Medical University; (2) ICG-loaded biodegradable
nanoparticles self-assembled from the copolymer of poly-
ethylene glycol–poly lactic acid-co-glycolic acid (PEG-
PLGA) were produced at Tianjin Medical University; (3)
ICG-loaded shell-sheddable and non-biodegradable nano-
particles self-assembled from two copolymers of pCBAA30-
b-pAGA10 (synthesis of poly(carboxybetaine acrylate)-
block-poly(2-acrylamido glucopyranose)) and pLAMA30-
b-pAAPBA20 (synthesis of poly(2-lactobionamidoethyl
methacrylate)–block-poly(3-acrylamidophenylboronic
acid)), coined pCA/pLB Nps, were produced at Nankai
University. All solvents were of analytical grade and used
without further purification.

Preparation of Three Types of ICG-Loaded
Nanoparticles

In brief, three types of nanoparticles as carriers loaded in ICG
were prepared by the nano-precipitation method. To evaluate
ICG loading and encapsulation efficiency, 1.0 ml of the three
types of ICG-loaded nanoparticle suspensions was centrifuged
and the supernatants were analyzed at 784 nm using a
fluorescence spectrometer (RF-5301PC, Shimadzu, Japan).

Dynamic Diffuse Fluorescence Tomography
System

Figure 1 shows a schematic diagram of our designed
dynamic DFT system. The performance of the system has

been evaluated by dynamic phantom experiments and ICG
pharmacokinetic assessment of healthy mouse livers [19–
21]. In this system, the mouse was placed in a chamber that
was fixed on a rotation stage for achieving different spatial
sampling densities. The laser light source with a 780-nm
excitation wavelength propagated throughout the mouse and
was collected by detection fibers which were coupled into a
fiber switch. Subsequently, the outputs of the fiber switch
were fed into the filter wheels for separating excitation and
emission light. Finally, the light signals were detected using
PMTs and a photon counting module.

In this work, each mouse was rotated continuously for
multiple circles at a fixed Z-coordinate to dynamically
monitor the metabolism process of ICG on the imaging
plane of the tumor within 24 h. These circles, corresponding
to a series of two-dimensional fluorescence tomographic
images, were obtained by DFT reconstruction. For each
circle, the mouse was rotated 360°, and 16 projections were
acquired with an angular increment of 22.5°. The acquisition
time for collecting one circle of projection data was
approximately 1 min. In the in vivo experiments, the
dynamic DFT measurement was commenced at 2 min after
intravenous injection.

Animals

All mice were purchased from Beijing HFK Bioscience Co.,
Ltd. (Beijing, China), and all protocols for animal experi-
ments were generated according to the guidelines of the
Council for the Purpose of Control and Supervision of
Experiments on Animals, Ministry of Public Health, Gov-
ernment of China. In the in vivo experiments, twelve seven-
week-old male Balb/c nude mice (weighing about 13–19 g)
with HepG2/ADR hepatocellular carcinoma and a tumor

Fig. 1. Schematic diagram of the dynamic DFT system.
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volume of approximately 100 mm3 xenografted on the legs
were randomly divided into four groups (n = 3 per group).
The experimental process before DFT measurement was as
follows: (1) each mouse was anesthetized with 10 % chloral
hydrate at a dose of 300 mg/kg body weight through the
abdominal cavity [22, 23]; (2) the mouse was hung in a
polyformaldehyde cylinder chamber with a diameter of
30 mm surrounded by matching fluid (1 % intralipid) [24];
(3) 400 μl of three types of ICG-loaded nanoparticles
(content of ICG: 50 μg/ml) and free ICG (50 μg/ml) were
intravenously injected into the mice in each group, respec-
tively. Afterwards, an in vivo pharmacokinetic analysis was
performed 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12, and
24 h post-injection, respectively. Particularly noteworthy,
the optical signal measurements were performed pre- and
post-injection of ICG, respectively. As a result, the back-
ground noise could be reduced by calibration.

Frozen Tumor Sections

After the end of the dynamic DFT measurement, all mice
were euthanized via intraperitoneal injection of 10 % chloral
hydrate at a dose of 1.5 g/kg body weight [22, 23]. The
euthanized mice were frozen in a refrigerator for 12 to 24 h.
Using a tube as a mold, the frozen mice were then embedded
in a 1:1 mixture of sucrose solution at a dose of 20 g/l and
optimal cutting temperature medium (SAKURA 4583,
SAKURA, Japan) [25]. The frozen mice were then placed
inside a freezing microtome (CM1950, Leica, Germany) to
obtain slice images. Here, the mice were sectioned axially.

DFT Reconstruction Method and Pharmacokinetic
Analysis

To obtain the pharmacokinetic rates of ICG in tumor, the
method involves two main steps including recovering a
sequence of fluorescence distributions using DFT image
reconstruction algorithm and fitting the time course of the
average ICG concentration in the tumor region to a two-
compartmental model for obtaining the fitting parameters
related to pharmacokinetic rates.

In DFT reconstruction, the fluorescence properties can be
recovered by using transport model-based image reconstruc-
tion algorithm and measurement data from the tissue surface.
DFT model with continuous wave excitation point sources
can be described by a set of the coupled diffusion equations
in turbid media, where the solution of the first equation
provides the driving source term of the second [26]:

∇⋅Dx rð Þ∇−μax rð Þc½ �Φx r; rsð Þ ¼ −δ r−rsð Þ
∇⋅Dm rð Þ∇−μam rð Þc½ �Φm r; rsð Þ ¼ −cΦx r; rsð Þημaf rð Þ

�
ð1Þ

with the Robin-type boundary conditions on the boundary of
the imaging domain Ω:

Φv r; rsð Þ þ 2γDv rð Þn⋅∇Φv

�
r; rs

����
r∈∂Ω

¼ 0 ð2Þ

where subscripts x and m denote the excitation and emission
wavelengths, respectively; Φv(r, rs) (v∈ [x,m]) is the pho-
ton density; the optical parameters involved are the
absorption coefficient μav(r), the reduced scattering coeffi-
cient μsv

'(r), and the diffusion coefficient Dv(r) = c/3[μav(r) +
μsv

'(r)]; c is the speed of light in medium; the fluorescence
parameter is the fluorescent yield ημaf(r), a product of the
fluorophore’s quantum efficiency η and its absorption
coefficient μaf(r); γ = (1 + Rf)/(1 − Rf) and Rf ≈ − 1.4399n
−2 + 0.7099n−1 + 0.6681 + 0.0636n are the internal reflection
coefficient at the boundary, with n = 1.4 being the relative
refractive index of tissue to the air. These quantities are
generally the functions of the position vector r. Herein,
μav(r) and μsv

'(r) used in all experiments were, respectively,
set to 0.03 mm−1 and 1.0 mm−1, corresponding to the
average values of bulk soft tissues [27].

Then, we have an integral equation by use of the
normalized Born approach, which links the corrected
measurements and the fluorescence yield to be recon-
structed, as follows:

y rd ; rsð Þ ¼ ∫ΩcG rd ; rð ÞΦx r; rsð Þημaf rð ÞdΩ
Ix rd; rsð Þ ð3Þ

where y(rd, rs) is the Born ratio of the emission and
excitation intensities measured at a detector position rd
concerning to the excitation source at rs; G(rd, r) is the
density at rd for a source at r; Ix(rd, rs) is the excitation flux
at rd for a source at rs.

After numerically performing a discretization procedure
by a finite-element method (FEM), the Eq. (3) can be
expressed as [26, 28]

y ¼ W⋅x ð4Þ

where y∈RNd�s�1 denotes the Born normalized measure-
ments for all the source-detector pairs; x∈RN × 1 is the
fluorescence yields to be reconstructed; and W∈RNd�s�N

denotes the weight matrix.
Since the inverse problem is generally ill-posed, the

fluorescence yield can be acquired by using the regulariza-
tion method to stabilize the reconstruction procedure [28].

Φ xð Þ ¼ y−Wxk k22 þ λ Lxk k22 ð5Þ

where λ is the regularization parameter; L is the regulariza-
tion matrix that used to constrain the solution to be stable. In
this paper, the image reconstruction algorithm based on
FEM was developed by our lab, which was implemented
using MATLAB software. The imaging plane was divided
into 5400 triangular elements corresponding to 2791 nodes,
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λ used in all experiments was empirically selected to be 0.2,
and L was set to the identity matrix.

After obtaining fluorescence yield (ημaf(r)) image, the
ICG concentration C (μM) can be derived by the following
formula when it is below 80 μg ml−1 in whole blood, which
can be expressed at time t [29]:

μaf tð Þ ¼ ln10ξC tð Þ ð6Þ

where ξ (0.013 mm−1 μM−1) is the extinction coefficient of
ICG [30].

Then, the concentration-time curves and fitting parame-
ters of ICG in the mouse tumor can be obtained by a
biexponential-curve-fitting method based on a commonly
used two-compartment model [31].

C tð Þ ¼ −Aexp −αtð Þ þ Bexp −βtð Þ ð7Þ

where A and B (unit: a.u.) are intercepts on C(t) for each
exponential segment of the curve; α and β (unit: min−1) represent
rate constants for the ICG distribution phase and elimination
phase, respectively. In this work, the time course of ICG two-
compartment concentrations was fitted by using MATLAB
Function nlinfit which is Gauss-Newton method [31].

The two-compartment model of ICG pharmacokinetics in
the tumor after intravenous injection can be described
mathematically by the following ordinary differential equa-
tion sets [32, 33]:

dCp=dt
dCe=dt

� �
¼ Kpe

−Kpe

−Kep−Kp

Kep

� �
⋅ Cp

Ce

� �
ð8Þ

where Cp and Ce denote the ICG concentrations in plasma
and the extracellular-extravascular space (EES), respec-
tively. C in the above Eq. (7) is the sum of Cp and Ce. The
factors Kpe, Kep, and Kp are pharmacokinetic rates describing
the ICG drainage out of and leakage into the EES, as well as
the ICG elimination from the body through the circulatory
system, respectively. In this model, the tumor region was
assumed to consist of plasma and EES was defined as the
region that lies outside of both the vascular region and the
tumor cells.

On the basis of Eqs. (7)–(8), the pharmacokinetic rates
Kpe, Kp, and Kep can be calculated by the following
equations [34]:

Kpe ¼ −Aβ þ Bαð Þ= −Aþ Bð Þ ð9Þ

Kp ¼ αβ=Kpe ð10Þ

Kep ¼ αþ β−Kpe−Kp ð11Þ

Results
Results of Dynamic DFT

Below, some representative results for each experimental
group are demonstrated. Figures 2, 3, 4, and 5 illustrate the
cryosection images with a circle marking the tumor
position and overlays of cryosection images and the
corresponding fluorescence tomographic image sequences
reconstructed at 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12,
and 24 h after injection of ICG-loaded BIO-PEG-PLGA/
LAC-PEG-PLGA, ICG-loaded PEG-PLGA, ICG-loaded
pCA/pLB Nps, and free ICG, respectively. The acquisition
time for collecting one complete frame of the projection
data was about 1 min. Deserved to be mentioned, due to
the inherently ill-posed nature in solving the inverse
problem of DFT, the normally prevalent edge artifacts are
obvious in source and detector positions. In addition, ICG
as a non-target dye is unable to assemble in the tumor
region completely; thus, the reconstructed fluorescence
images in the non-tumor region were filtered for accurately
calculating the average ICG concentration in the tumor
region, that is, we only estimated the average ICG
concentrations of the tumor region of reconstructed
fluorescence tomographic images for improving pharma-
cokinetic analysis. The average ICG concentration in the
tumor region was utilized to fit parameters related to
pharmacokinetic rates. Figure 2 shows that ICG-loaded
BIO-PEG-PLGA/LAC-PEG-PLGA slowly congregated in
the tumor, decreased over time, and exhibited the same
changing trend as ICG-loaded PEG-PLGA shown in
Fig. 3. However, the difference was that the former
reached a maximum of aggregation at the tumor site
approximately 4 h post-injection, while the latter reached a
maximum of aggregation after about 6 h. Additionally, we
were able to observe that ICG loaded in pCA/pLB Nps
quickly accumulated in the tumors and reduced with time
as shown in Fig. 4. Here, the same variation trend as free
ICG (Fig. 5) was demonstrated. Significantly, we found
that the fluorescence intensity of ICG-loaded pCA/pLB
Nps in the tumor site was much stronger than that of ICG-
loaded BIO-PEG-PLGA/LAC-PEG-PLGA, ICG-loaded
PEG-PLGA, and free ICG over 24 h. This finding indicates
that the pCA/pLB Nps enabled ICG to enhance the tumor
accumulation more efficiently compared to BIO-PEG-
PLGA/LAC-PEG-PLGA, PEG-PLGA, and free ICG.

Results of Pharmacokinetic Analysis

According to Eqs. (1)–(5), the ICG concentrations could be
achieved by calculating the mean ICG concentration within
the tumor region. The ICG concentration-time curves and
the corresponding fitting parameters could be obtained by
using a Gauss-Newton method to fit the time course after
normalizing the ICG concentration based on the two-
compartmental model. Figure 6 shows the raw data
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(makers) and the fitting curves (solid lines) of normalized
ICG concentrations at different measurement time points
(i.e., 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h
after injection) for ICG-loaded BIO-PEG-PLGA/LAC-
PEG-PLGA, ICG-loaded PEG-PLGA, ICG-loaded pCA/
pLB Nps, and free ICG. Our findings indicate that ICG-
loaded pCA/pLB Nps tend to aggregate in the tumor tissue
rapidly and feature the largest accumulation of ICG
compared with other ICG formulations. In addition, each
type of ICG-loaded nanoparticle exhibited superior reten-
tion capabilities compared to the free ICG. To further
analyze the fitting curves, R2 (R square), Tmax (time to
reach the maximal fluorescence intensity), and T1/2 (half-
life time) were calculated as shown in Table 1. All the
fitting curves featured a high correlation (R2 9 0.92),
indicating the suitable validity of the fitting curves [8]. In
terms of Tmax, we found that ICG-loaded pCA/pLB Nps

took the least time (1/20 h) to reach the maximum
concentration and the free ICG required a similar period
of time (1/12 h). However, ICG-loaded BIO-PEG-PLGA/
LAC-PEG-PLGA (4 h) and ICG-loaded PEG-PLGA (6 h)
required more time. As for T1/2, free ICG required the least
amount of time, i.e., 2 h, to decrease by one half of its
maximum concentration. Similarly, ICG-loaded pCA/pLB
Nps required 4 h. However, both ICG-loaded BIO-PEG-
PLGA/LAC-PEG-PLGA and ICG-loaded PEG-PLGA
maintained high concentrations, i.e., over half of its
maximum concentration value, until 24 h.

According to Eqs. (6)–(11), the pharmacokinetic rates,
Kpe, Kep, and Kp (mean ± SD, for n = 3 per group), of those
four ICG formulations could be calculated as summarized in
Table 2. We could see that the Kpe (EES drainage) of ICG-
loaded BIO-PEG-PLGA/LAC-PEG-PLGA, ICG-loaded
PEG-PLGA, and ICG-loaded pCA/pLB Nps were 1.54 ±

Fig. 2. Cryosection image with a circle marking the tumor position and overlays of fluorescence tomographic image
sequences reconstructed at 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h after injection of ICG-loaded BIO-PEG-PLGA/
LAC-PEG-PLGA.

Fig. 3. Cryosection image with a circle marking the tumor position and overlays of fluorescence tomographic image
sequences reconstructed at 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h after injection of ICG-loaded PEG-PLGA.
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0.212, 1.34 ± 0.301, and 3.94 ± 0.154 min−110−2, respectively,
were larger than that of free ICG (0.47 ± 0.019 min−110−2),
suggesting that the nanostructures effectively enhanced ICG
tumor accumulation. The Kep (leakage into EES) of ICG-
loaded pCA/pLB Nps and free ICG were 4.14 ± 0.353 and
1.32 ± 0.183 min−110−2, respectively, while ICG-loaded BIO-
PEG-PLGA/LAC-PEG-PLGA and ICG-loaded PEG-PLGA
demonstrated negative values of − 0.46 ± 0.031 and −
0.75 ± 0.104 min−110−2, respectively. This latter finding
was due to the slow metabolic velocity after reaching the
maximum accumulation compared with the prior two
formulations. The Kp of ICG-loaded BIO-PEG-PLGA/
LAC-PEG-PLGA and ICG-loaded PEG-PLGA were 2.23
± 0.391 and 1.59 ± 0.288 min−110−4, respectively. And
the values of ICG-loaded pCA/pLB Nps and free ICG
were 8.76 ± 0.455 and 2.89 ± 0.323 min−110−4,
respectively.

Discussion
We have investigated the biodistribution of ICG in tumor-
bearing mice after single intravenous injection of three types
of ICG-loaded nanoparticles and free ICG solution in
combination with dynamic DFT. The pharmacokinetic rates
of these four ICG formulations were investigated and
combined with the two-compartment model by analyzing
pharmacokinetics. Figures 2, 3, 4, and 5 show that ICG
concentrations in the tumors were significantly higher (2–5
times) when delivered via nanoparticles than when admin-
istered as free ICG. Moreover, the ICG concentrations in the
tumors were significantly higher within 24 h. This finding
demonstrated the capability of nanoparticles to enhance the
accumulation amount and retention time in the tumor tissues
[35]. From inspection of Tables 1 and 2, we could see that the
biodegradable nanoparticles of BIO-PEG-PLGA/LAC-

Fig. 4. Cryosection image with a circle marking the tumor position and overlays of fluorescence tomographic image
sequences reconstructed at 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h after injection of ICG-loaded pCA/pLB Nps.

Fig. 5. Cryosection image with a circle marking the tumor position and overlays of fluorescence tomographic image
sequences reconstructed at 2–11 min, 30 min, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h after injection of free ICG.
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PEG-PLGA and PEG-PLGA exhibited large Tmax values
which are in accordance with other reported references [36,
37]. Moreover, the Kpe values of BIO-PEG-PLGA/LAC-
PEG-PLGA were larger than that of PEG-PLGA due to its
positive tumor-targeting ability. The biodegradable nano-
particles were able to not only improve the drug delivery in
tumor site but also avail the excretion of the metabolite,
which could reduce the damage to host tissues [36, 37].
Nevertheless, pCA/pLB Nps as a new type of shell-
sheddable nanoparticle demonstrated fast accumulation and
prolonged retention in contrast to the other two nanoparticle
types. The shell-sheddable nanoparticles could reach tumor
sites via the EPR effect and exposure to tumor microenvi-
ronment responding to specific stimuli in the tumor after
systemic administration, leading to a burst release of the drug
[38–40]. In particular, the shell-detachable pCA/pLB Nps
were designed to bury or protect the functional group while it
is in the circulatory system, and the shield can then be
removed when exposed to a specific tumor microenviron-
ment, which had been proved to make the chance of
functional groups to recognize and target the tumor cells as
well as enhance the cellular internalization. In addition, we

found that the pharmacokinetic rate values demonstrated
some difference in each experimental group. This difference
may have been caused by the different experimental
conditions and physiological status of the mice. Moreover,
guaranteeing the same measurement parameters during the
entire measurement procedure was vital since it was always
necessary to remove the mice from the chamber for the
administration of anesthetics.

In this work, the fluorescence excitation and emission
wavelengths of ICG were deemed unchangeable since the
in vivo experiments were conducted within 24 h. Corre-
spondingly, the ICG extinction coefficient related to the
wavelength was also regarded as a constant. The
proposed strategy for the image reconstruction could be
considered an indirect method, including DFT image
reconstruction and compartmental model fitting. For fully
characterizing the ICG pharmacokinetic process, improv-
ing the dynamic measurement capability or adopting a
direct reconstruction method by incorporating a kinetic
model to the inversion procedure efficiently reduced
errors in the process of reconstructing the interim ICG
concentrations.

Fig. 6. Fitting curves of ICG concentrations vs. time for tumors injected with ICG-loaded BIO-PEG-PLGA/LAC-PEG-PLGA,
ICG-loaded PEG-PLGA, ICG-loaded pCA/pLB Nps, and free ICG over 24 h.

Table 1. Corresponding parameters (R2, Tmax, and T1/2) of the fitting curves in Fig. 6

ICG solution types R2 Tmax (h) T1/2 (h)

ICG-loaded BIO-PEG-PLGA/LAC-PEG-PLGA 0.93 4 9 24
ICG-loaded PEG-PLGA 0.94 6 9 24
ICG-loaded pCA/pLB Nps 0.94 1/20 6
Free ICG 0.96 1/12 2
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Conclusions
In this study, a real-time study to assess the pharmacokinet-
ics of three different ICG-loaded nanoparticles and free ICG
in tumor-bearing mice based on a proposed dynamic DFT
system was carried out. The DFT technology presented here
provided real-time tomographic images on the spatial level,
and pharmacokinetic rates for the semi-quantitative assess-
ment of the pharmacokinetics of nanoparticles at the tumor
site using this pharmacokinetic analysis method could be
derived. Furthermore, this feasibility study represents the
first step in exploring the potential applications of dynamic
DFT in the pharmacokinetic assessment of nanoparticles by
loading ICG, which could be used to evaluate the anti-tumor
effect of therapeutic nano-drugs or nano-related pharmaceu-
tical drugs in mice or other small animals. In addition, this
method can also be extended to other fields, such as the
monitoring of disease progression, the evaluation of novel
therapies, etc.
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