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Abstract

Visualization of a drug delivery system could reveal the pharmacokinetic properties, which is
essential for the design of a novel drug delivery system. In vivo optical imaging offers an
advanced tool to monitor the drug release process and the therapeutic effect by the
combination of fluorescence imaging and bioluminescence imaging. Multispectral fluorescence
imaging can separate the drug and the carrier without interference. Herein, a dual fluorescent
anti-tumor drug delivery system was monitored with the doxorubicin-loaded hydrogel to
further explore the application of the porphyrin-incorporated hydrogel with four-arm PEG-PCL
copolymer as a drug carrier, based on the beneficial fluorescence and good biocompatibility of
the porphyrin incorporated hydrogel. Using nude mice bearing luciferase expressed hepatic
tumor as models, the whole process from the drug delivery to the tumor therapeutic effects
were real time visualized simultaneously after administration at interval from 0 to 18 d. The
imaging results suggest that the fluorescence signals of the drug and the carrier can be
separated and unmixed from the drug-loaded hydrogel successfully, avoiding the interference
of the fluorescence signals. The tumor growth or inhibition can be real time tracked and
analyzed quantitatively by bioluminescence imaging. Noninvasive continuous tracking the in
vivo drug delivery process simultaneously is a potential trend for the precise drug delivery and
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Introduction

It is crucial to reveal the pharmacokinetic properties of a drug
delivery system for the translational medicine. A detailed
knowledge of the drug delivery system including the drug
release and the carrier degradation is essential for the design
of a novel drug delivery system. The release and distribution
of the drug, and the location and degradation of the carrier in
vivo are closely related to the therapeutic effect. Generally, an
in vitro or ex vivo evaluation is commonly performed to
investigate the drug delivery process. The in vivo drug
release, distribution and metabolism were evaluated by high-
performance liquid chromatography (HPLC) or radioactivity
measurement in the blood samples at intervals or the
anatomical based tissue samples (Greenaway et al., 2010;
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Woods et al., 2015). The carrier degradation and metabolism
can be assessed by other in vitro or ex vivo physicochemical
assays such as the gravimetric, volume, molecular weight,
mechanical properties, morphology and viscosity determin-
ation of periodic samples except of the above methods
(Bruggeman et al., 2008; Liang et al., 2011; Undin et al.,
2014). The main limitations of these methods rely on the
invasion and destruction for the samples in addition to the
sample quantity requirements because of the lack of real-time
in vivo tracking objectively. Noninvasive continuous tracking
is a potential trend for the investigation of the in vivo drug
delivery process simultaneously (Tzu-Yin et al., 2013; Brudno
et al., 2014; Lin et al., 2016; Zhu et al., 2016).

With the increasing development of the medical imaging
equipments, methods and skills, the in vivo imaging moni-
toring has been explored to the assessment of the drug
delivery system (Appel et al., 2013; Ahmed Abdelbary et al.,
2015; Zhou et al., 2015; Xia et al., 2016). Imaging
visualization can enable specific location and targeting drug
delivery in the diseased tissue. Among these medical imaging
techniques, optical imaging technique is advantageous
because of its high sensitivity, low radiation, non-invasion
and long-term monitoring (Hilderbrand & Weissleder, 2010;
Sevick-Muraca, 2012). In vivo optical imaging has been
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successfully applied in the fields of the tumor and inflam-
mation diagnosis, the monitoring of tissue repair therapy and
the drug delivery tracking (Selvam et al., 2011; Zhang et al.,
2011; Wohl-Bruhn et al., 2012; Zhang et al., 2016). In the
field of noninvasive tracking for the drug delivery, optical
imaging can monitor the drug release and distribution, the
location and degradation of the carrier, and the therapeutic
effect simultaneously by the combination of fluorescence
imaging and bioluminescence imaging, which is unique and
advanced compared to other imaging methods (Chen et al.,
2015; Ma et al., 2015). Fluorescence imaging can be serviced
for the multispectral analysis of two or more fluorescent
signals from the drug delivery system by the separation of
fluorescent drug and carrier (Zhou & El-Deiry, 2009;
Hoffmann et al., 2012; Dong et al., 2016b). For instance,
a dual fluorescent drug delivery system based on
N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer
was monitored simultaneously for passive tumor targeting
with pH-sensitive drug release in vivo (Hoffmann et al.,
2012). In our previous reports, several dual fluorescent drug
loaded hydrogel systems have been successfully tracked with
multispectral fluorescence imaging by subcutaneous injec-
tions (Dong et al., 2015; Dong et al., 2016b). Multispectral
fluorescence imaging can respectively locate and monitor the
drug and the carrier without any interferes in the optimal
imaging condition. The choice of the fluorescent drug and the
design of the fluorescent carrier play a vital and decisive role
for the tracking of the drug delivery system.

Fluorescent drug is the basis of the fluorescence imaging
tracking. In the tracking of the drug release, fluorescent drugs
include self-fluorescence emission drugs and exogenous
fluorescent tags labeled drugs (Etrych et al., 2016; Winzen
et al., 2016). Self-fluorescence emission drugs can stand for
the actual status of the drug delivery objectively compared to
the fluorescent model drugs or exogenous fluorescent tags
labeled drugs. Doxorubicin (Dox) is an anti-tumor drug with
the intense self-fluorescence in a wide range of the spectrum,
attracting more attention in the fluorescence tracking of the
drug delivery system for the tumor therapy (Li et al., 2013;
Kruger et al., 2014; Dong et al., 2017). Fluorescent carrier is
an another concern for the tracking of the drug delivery
system (Ghaderi et al, 2011; Zhang & Yang, 2013).
Fluorescent carriers tend to be labeled by the incorporation
or the conjugation at the end of the inorganic and organic
fluorescent dyes (Cunha-Reis et al., 2013; Wang et al., 2014).
The major disadvantages of these methods include the weak
biocompatibility and the poor stability, because the fluores-
cent tags can be broken away from the polymer, preventing
the continuous tracking for the polymer and hampering the
biotissue with the penetration of the free molecule or particle.
In our previous reports, fluorescent copolymer was designed
to overcome their deficiency using fluorescent porphyrin
compounds as the backbone and core of the copolymer (Lv
et al.,, 2014; Dong et al., 2016b). Porphyrin is a special
fluorescent compound as a component of hemoglobin, which
assigns it favorable biocompatibility beyond other fluorescent
dyes (Rieffel et al., 2015; Huang et al., 2016). The porphyrin
core in the polymer backbone not only ensures continuous
fluorescence tracking efficiency by avoiding the early select-
ive breakage of the ectogenic fluorescent tag, but also
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decreases the adverse effect to the biotissue from the
separated fluorescent dyes. The fluorescence imaging results
in vivo demonstrated that the porphyrin incorporated hydrogel
with four-arm PEG-PCL copolymer (POR-PEG-PCL) has the
beneficial fluorescence and good biocompatibility as a
hydrogel implant or a nanogel probe (Lv et al., 2014; Dong
et al., 2016c), suggesting its enormous potential for the image
tracking.

In this article, a dual fluorescent anti-tumor drug delivery
system was monitored with the Dox loaded porphyrin
conjugated hydrogel to further explore the application of the
POR-PEG-PCL hydrogel as a drug carrier. Although other
fluorescent drug delivery systems have been investigated
using rhodamine as the model drug by subcutaneous injec-
tions in our report (Dong et al., 2016b), it is necessary that the
porphyrin incorporated hydrogel based drug delivery system
with therapeutic effects was further tracked by an intratumoral
implantation with significant clinical potential due to the
micro environment difference from the tumor and the
subcutaneous tissue. Using nude mice bearing luciferase
expressed hepatic tumor as models, the whole process from
the drug delivery to the tumor therapeutic effects can be
visualized by bioluminescence imaging and multispectral
fluorescence imaging. Moreover, the interrelation of the drug
release and distribution, the location and degradation of the
carrier, and the tumor growth or inhibition can be further
illustrated according to the real time imaging location and
tracking. Visualization of the drug delivery system could be
offer a new approach for the accurate administration.

Experimental section
Materials

POR-PEG-PCL copolymer was ring-opening copolymerized
with €-CL and porphyrin-conjugated PEG using stannous
octoate as catalyst, as reported previously (Lv et al., 2014).
Dox was provided from Dakub Meilun biology technology
Co., Ltd. (Dalian, PR China). Chloral hydrate (>99.0,
pharmaceutical grade) was purchased from Yulong Algae
Co., Ltd. (Qingdao, PR China). D-luciferin potassium salt was
obtained from Gold Biotechnology, Inc. (Olivette, MO).
Other reagents were all analytic reagent (AR) grade.

Balb/c nude mice (seven weeks old, 20-25g) were
performed for the in vivo imaging, housed in cages with
free access to food and water. All animal procedures were
conducted following the protocol approved by the
Institutional Laboratory Animal Ethics Committee and the
Institutional Animal Care and Use Committee (IACUC),
Peking Union Medical College, PR China. All animal
experiments were performed in compliance with the
Guiding Principles for the Care and Use of Laboratory
Animals, Peking Union Medical College, PR China.

Sol-gel-sol phase transition, thermal analysis, drug
release and fluorescence imaging in vitro

The sol-gel-sol phase transition photos of the hydrogel and
the Dox loaded hydrogel were taken with a concentration of
40% from 10 to 60 C with a heating rate of 1°C min~"'. The
gel and sol status were defined as ‘‘no flow’’ and ‘‘flow’’ in
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1 min using the tube-inversion method. The vials were imaged
to record the gel and sol status at a temperature of 20, 37 and
50°C, respectively.

Differential scanning calorimetry (DSC) (Q2000, TA
instruments, New Castle, DE) was used to analyze the
thermal properties of the Dox and the Dox loaded POR-PEG-
PCL copolymer at a temperature range from 0 to 250 °C under
a nitrogen atmosphere at a heating and cooling rate of 5°C
min~'.

The in vitro drug release curve of the Dox from the
hydrogel was performed by a multimode microplate spectrum
photometer (Varioskan TM Flash, ThermoFisher Scientific,
Waltham, MA) in PBS of pH 5.5 or 7.4 at 37°C. At preset
time points, the extra fluid was taken for the Dox analysis
with 2mL by absorbance spectrum and was followed by the
addition of the same volume of fresh PBS. The concentration
of the Dox was calculated from a standard curve of known
Dox absorbance of 485 nm. All experiments were performed
in triplicate.

After gelation, the Dox loaded hydrogel was taken for
multispectral fluorescence imaging in vitro to separate the
carrier and the drug with dual excitation wavelengths of 523
and 595 nm by an in vivo imaging system (Maestro EX, CRi
Inc., Woburn, MA).

Multispectral fluorescence imaging tracking of the
Dox loaded hydrogel and bioluminescence imaging
monitoring for the tumor therapy

Balb/c nude mice bearing hepatic tumor were modeled for
imaging monitoring of the drug delivery and the tumor
therapy with fluorescence imaging and bioluminescence
imaging, respectively. Luciferase expressed hepatic cells
Bel-7402 (1 x 10%) in 0.1 mL of normal saline (NS) were
subcutaneously injected into the armpit region of nude mice
to model the mice bearing hepatic tumor. When the tumor
volume reached approximately 100 mm?, the nude mice were
randomly assigned to the experimental groups and control
group (n =6 for each group). Free Dox, the hydrogel and the
Dox loaded hydrogel were intratumoral injected with the
same concentration and dose of 20 mg/kg Dox, respectively.
At predetermined time points, the mice were anesthetized by
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an intraperitoneal injection of chloral hydrate for imaging
tracking.

The drug delivery was tracked with multispectral fluores-
cence imaging by the Maestro CRI in vivo imaging system
with dual excitation wavelengths of 523 and 595nm at an
exposure time of 300 ms. The imaging tracking of the drug
release and the materials erosion were performed after
administration at interval from O to 18 d. The single signal
of the Dox and the hydrogel can be separated with green and
red by the spectral species unmixing from the cube file. The
quantitative analysis of the fluorescence signals of the drug
and the hydrogel was carried out by the Maestro software.

The inhibition and growth of the tumor was imaging
monitored by bioluminescence imaging at interval for each
three days from O to 18 d. Following the intraperitoneal
injection with D-luciferin potassium salt solution for 5 min,
the bioluminescence imaging was carried out by in vivo
imaging system (IVIS Lumina system, Xenogen Corporation,
Alameda, CA). In addition, the tumor region was irradiated by
near-infrared (NIR) laser at power density of 0.5 W ¢cm ™2 for
20 min each time every day for the irradiation groups. Then
the tumor inhibition rate was quantitatively calculated by the
imaging software.

Results and discussion
Sol-gel-sol phase transition and drug loading

Hydrogels are paid much attention as drug delivery deposits
or tissue engineering scaffolds (Song et al., 2015; Zhu et al.,
2015). The injectability of the hydrogel based drug delivery
system is a basic requirement to facilitate the delivery from a
sol state at room temperature to a gel state at body
temperature. Since POR-PEG-PCL hydrogel is a thermo-
sensitive hydrogel, the drug loaded POR-PEG-PCL hydrogel
should remain its beneficial injectability. The sol-gel-sol
transition of the hydrogel and the drug-loaded hydrogel is
presented in Figure 1(A). Just as the POR-PEG-PCL hydro-
gel, the drug loaded hydrogel can also undergoes a sol-gel—
sol phase transition as the temperature increases, transforming
into a non-flowing gel at physiological temperature from an
injectable flowing sol at room temperature. The red drug
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Figure 1. Sol-gel-sol phase transition and thermal properties of the Dox loaded hydrogel ((A). Photograph of a sol state at 20 °C, a gel state at 37 °C
and a precipitate at 50 °C; (B) DSC curve of the Dox and the Dox loaded porphyrin copolymers at a temperature range from 0 to 250 °C).
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loaded hydrogel formed due to the embedment of the Dox
while the POR-PEG-PCL hydrogel is light purple with the
characteristic signal of the porphyrin compound. With the
further increasing of the temperature, the non-flowing gel
turns into a precipitate with the gel-sol phase transition. The
hydrogel state can locate to the targeted region until it
degrades gradually at body temperature as the body tempera-
ture is lower than the gel-sol phase transition temperature,
which ensures the sustained drug delivery of the hydrogel.

In order to investigate the loading effect of the Dox to the
hydrogel, differential scanning calorimetry (DSC) was per-
formed to assess the thermal properties of the drug-loaded
hydrogel. As shown in Figure 1(B), the Dox has a melting
peak at 205 °C, suggesting its crystalline state of the free Dox.
When the Dox is loaded into the copolymer, the melting peak
of the Dox disappeared, because the Dox was entrapped into
the nano micells of the copolymer and then formed the
hydrogel as a result of the effective loading of the drug
instead of the physical mixing. Besides, the Dox loaded POR-
PEG-PCL copolymer exhibited the exothermic peaks and the
crystallization peaks of PEG and PCL segments, respectively.
The loading of the drug did not generate obvious change to
the thermal properties of the copolymer.

Drug release in vitro

The Dox loaded hydrogel was prepared simply by the polymer
solution with an addition of the Dox at room temperature. To
reveal the release behavior of the drug from the hydrogel in
vitro, the Dox loaded hydrogel was immersed in PBS at a pH
of 5.5 or 7.4 over 9 d to record the drug release at regular
intervals. From the release curve shown in Figure 2, the drug
is released rapidly during the first 24 h with approximate 40%
of the initial drug at pH 5.5, as the thermosensitive hydrogel
promotes the dispersion of the water-soluble drug with a
multipore network structure containing large quantities of
water. It presents a similar trend for the water-soluble drug in
the other drug-loaded hydrogel (Dong et al., 2016a). Due to
the multipore network structure of the thermosensitive
hydrogel consisted of PEG-PCL micelles, the drug release
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Figure 2. Drug release from hydrogel in vitro in PBS at pH of 5.5 or 7.4.
The concentration of released Dox was calculated from a standard curve
of known absorption of 485nm. The results were expressed as
mean + SD (n=23).
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from PEG-PCL hydrogel included the Dox diffusion from the
hydrogel and PEG-PCL micelles. The release rate decreased
obviously after the original quick release. In the next 6 d, the
released drug was about 15%, reaching a total release of 55%.
In the following days, faint drug release was continued until
the ninth day. Because Dox is an acid-sensitive drug, the drug
release was slower at a neutral pH than an acid environment.
At a neutral pH, the drug release only reached 35% after 9 d
with a sustained release. Due to the difference of the
microenvironments in vitro and in vivo, the drug delivery
in vitro can only reveal the regular of the sustained drug
delivery with an intratumoral injection, which can be used as
a reference for the evaluation of the drug delivery in vivo.
In practical use, the drug-loaded hydrogel was injected
immediately as soon as possible after preparation based on the
simple and fast loading process of the drug-loaded hydrogel,
although the drug loaded hydrogel can withstand long-term
storage without the spontaneous release of drug contents
before the injection administration.

Fluorescence imaging tracking for the drug release
and the hydrogel erosion

The development of instruments and skills make the fluor-
escence imaging possible for clinical applications, as the
whole-body fluorescence imaging to adult humans has been
successfully recorded (Sevick-Muraca, 2012; Piper et al.,
2013). The fluorescence imaging for monitoring and tracking
will open a new method for accurate drug delivery. For a dual
fluorescent drug delivery system, the separation and unmix-
ing of the fluorescent signals of the drug and the carrier is a
significant challenge due to the interference of the fluorescent
signals. According to the fluorescent difference of the Dox
and the porphyrin compound, the multispectral fluorescence
imaging recognized successfully the drug and the carrier from
the drug-loaded hydrogel. The fluorescence emission signal
of the Dox was collected from 560 to 750nm with the
excitation wavelength of 523 nm, while that of the hydrogel
was collected from 630 to 800nm with the excitation
wavelength of 595nm. In view of the difference for each
specific fluorescence signal, the difference labels from the
drug and the carrier can be distinguished and separated with a
multicolor composite image. The in vitro fluorescence
imaging of the drug-loaded hydrogel was shown in
Figure 3(A). A multicolor composite image can distinguish
and separate the difference labels from the drug and the
carrier with green and red, respectively, because the drug and
the carrier emit each specific fluorescent signal by the
multispectral analysis spectrum. The Dox loaded hydrogel
with yellow stands for the overlap of the Dox with green and
the hydrogel with red, signifying the reorganization of the
drug and the carrier from the drug delivery system without
interference. The satisfactory fluorescence splitting can be
applied for the tracking and monitoring of the drug delivery
system in vivo. When the Dox loaded hydrogel was injected
intratumorally into the hepatic tumor, the drug delivery and
the tumor location can be visualized by fluorescence imaging
and bioluminescence imaging simultaneously. The drug and
the carrier still can be separated from the drug-loaded
hydrogel by multispectral fluorescence imaging, while the



DOI: 10.1080/10717544.2017.1289570

\
-

Dox loaded Dox
hydrogel

Hydrogel Hydrogel

J Dox loaded
hydrogel

Dox loaded Dox
hydrogel

Thermosensitive porphyrin-incorporated hydrogel with four-arm PEG-PCL copolymer (II) 645

Dox loaded Dox
hydrogel

Hydrogel

Figure 3. Multispectral fluorescence imaging of mixed fluorescence of the drug and the hydrogel with green and red ((A) Mixed fluorescence of the drug
and the hydrogel in vitro; (B) Unmixed fluorescence of the hydrogel in vitro, (C) Unmixed fluorescence of the drug in vitro; (D) Mixed fluorescence of the
drug and the hydrogel in vivo; (E)) Unmixed fluorescence of the hydrogel in vivo, and (F) Unmixed fluorescence of the drug in vivo).

tumor growth or inhibition can be monitored by biolumines-
cence imaging. The green and red in the tumor area stand for
the signal of the DOX and the hydrogel, respectively, while
the overlay of their fluorescence signal represented the drug-
loaded hydrogel with yellow. The multispectral fluorescence
imaging can clearly distinguish the drug and the carrier. The
extraction of each single fluorescent signal can monitor and
track the material erosion and the drug release by qualitative
and quantitatively analysis.

The continued imaging analysis for the drug delivery can
be shown in Figure 4(A), in which the decay of the
fluorescence intensity directly demonstrated the process of
the drug release. The fluorescent signal of the Dox from the
hydrogel was increasingly reduced for 9 d, because the
hydrogel significantly extended the persistent retention of the
Dox, while that of the free Dox was rapidly disappeared less
than 4 d with the metabolism and distribution of the drug. The
imaging results proved the sustained drug release by the
entrapment of the hydrogel. A qualitative comparison of the
drug release further illustrated the drug delivery process as
shown in Figure 4(B). In the drug loaded hydrogel group, a
rapid release reached approximate 40% in the first day, and
then a steadily sustained decrease was followed for 8 d with
60%. At the ninth day, the disappearance of the fluorescent
signal signifies the full drug release. In the free Dox group, an
obvious decrease with approximate 60% of the fluorescence
happen in the first day and the faint fluorescence was faded
away only with 4 d, suggesting the rapid release compared to
the Dox loaded hydrogel. However, the in vivo results only
revealed a reasonable trend and dependence with the in vitro
release. It caused some difference because of the bioenviron-
mental factors that affect the diffusion and permeability of the
Dox loaded hydrogel in vitro and in vivo.

As the in vivo erosion of the porphyrin incorporated
hydrogel has been monitored by subcutaneous implantation

before (Dong et al., 2016¢), the Dox loaded hydrogel was
further tracked for the material erosion by an intratumoral
implantation with the potential clinical significance based on
the differences between the micro environment of the tumor
and the subcutaneous tissue. The delay of the fluorescence
signal from the hydrogel was monitored for 18 d to track the
detailed in vivo erosion process of the hydrogel (Figure 5). A
more slow fluorescence decrease of the hydrogel was
observed compared to the drug delivery due to the low
erosion process of the hydrogel. The fluorescence of the
hydrogel shrinked rapidly in the first day with an initial
balance of the absorption and permeation. Then a gradual
decrease of fluorescence intensities continued with the
invasion of the biomolecules. It still remained visible
fluorescence even if endured the erosion for 18 d, since the
polymer cannot be degraded in a short period. A qualitative
analysis about the erosion process of the hydrogel was
investigated in Figure 5(B). The fluorescence signal had a
decay of 17% within the first day, and then gradually
decreases in the next days. After continued erosion over
6 d, it maintained the fluorescence signal of about 45%
compared to the original fluorescence. From then on, the
hydrogel endowed a sustained erosion to reach a fluorescence
of 13% at the 18th day. The hydrogel erosion can be
noninvasively monitored from the attenuation of the total
fluorescent signals.

Fluorescence imaging is an advanced skill for noninvasive
monitoring the drug delivery system at both the cellular and
systemic levels (Yokoyama et al., 2012; Wang et al., 2013;
Etrych et al., 2016). The fluorescence microscopy techniques
are commonly performed for the investigation of the drug
delivery, distribution and metabolism at cellular and tissue
levels because of the increasing accessibility of abundant
fluorescence tags including fluorescence dyes, probes, drugs
and proteins (Park et al., 2012; Pampaloni et al., 2013).



646 X. Dong et al.

dox 2 300 _C3 dox 21463 doc 2 24.C3 dox2.24.C3

(A) Scae Fartor ‘Scala Factor: Scae Factor; [? Scale Factar
ﬁ T v ﬁ . v ﬁ I v “ I v
0 0.05 0.115 ] 0.05 0.118 0 0.05 0115 0 0.05 0.118

Dox

Drug Deliv, 2017; 24(1): 641-650

doic 2 4d_C.
3 o o 11s

‘Scals Factor:
% . v

don

Dox loaded hydrogel

daes 300ms _CS doxegel 2 14,05 donagel 2 2005 doxsgal .08 o

Ki Scae Factor: 2 Scale Factor: Key: Scde Factor; [ Scala Factor: Scae Factor:
& T > & I : v & . - & I > & T v
o 0.2 .04 0.06 __0.08068 o 002 ] 0.06 __0.0806 o 0.00 0.01 0.06 __0.060% o 0.0 0.1 0,08 __0.0608 o [ 006 o.nme

do 34555 4d_C5

[

Scde Factor:
1 -

0.0 ——0.0606

® 100

= —=— Dox

X —e— Dox loaded hydrogel
80

2

-

o 60

s

=

S  40-

[ =

Q

0 20 f\

TEL L —e

0 2 4 6 8 10
Time (d)

Figure 4. Fluorescence imaging tracking of drug release in vivo after direct Dox injection versus Dox loaded hydrogel injection with rainbow color,
with one representative of six in each group (A). Quantative analysis of drug release, the single component of the drug was calculated quantitatively by

the Maestro software.The results were expressed as mean + SD (n =6) (B).

Their successful applications offer a significant role to reveal
the molecular processes of the drug delivery and the diseases
therapy in detail. However, fluorescence imaging in whole-
body level will face on great difficulty and challenge.
Avoiding the scattering effect and the background interfer-
ence from the bioorganisms is one of the obstacles for the
imaging quality, such as the biological chromophore hemo-
globin and other biological components from elastin, collagen
and other biological fluorophores. Another focus is the
imaging sensitivity and accuracy from the fluorescence drug
delivery system including the fluorescent drug and fluores-
cent carrier. Due to the fluorescence interference, the design

of a dual fluorescence drug delivery system is a challenging
task. Here, a dual fluorescent anti-tumor drug delivery system
was designed with a Dox loaded porphyrin incorporated
hydrogel base on the fluorescence signals of the Dox and
porphyrin. Moreover, fluorescent porphyrin compounds as the
backbone and core of the copolymer was incorporated into the
hydrogel, overcoming the deficiency of the fluorescent carrier
with the exogenous fluorescent tags. Importantly, multispec-
tral fluorescence imaging can successfully separate the
fluorescence signals of the drug and the hydrogel from the
drug-loaded hydrogel. The single fluorescence of the Dox and
the hydrogel could be distinguished with respective signal in
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Figure 5. Hydrogel erosion from the hydrogel with rainbow color by fluorescence imaging, with one representative of six in each group. The
fluorescence signals of the hydrogel were recorded with an excitation wavelength of 595nm (A).Quantitative analysis of the hydrogel erosion by
fluorescence imaging in vivo. The results were expressed as mean + SD (n =6) (B).

the Dox loaded hydrogel. The quantitative analysis of the
fluorescence intensities can reveal the drastic process of the
drug delivery and the hydrogel erosion.

In vivo bioluminescent imaging for the tumor therapy

Except of the tracking of the drug delivery, the tumor
inhibition was monitored with luciferase expression by in vivo

bioluminescence imaging. Over a period of 18 d following the
implantation, the tumor growth or inhibition was depended on
the luciferase expression at interval period. As shown in
Figure 6(A), bioluminescence imaging revealed a different
therapy effect with a dynamic process. The some inhibition of
tumor progression can be obvious observed in the free Dox
and the Dox loaded hydrogel group, while rapid tumor growth
in the control and the hydrogel group. Moreover, the Dox
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Figure 6. In vivo bioluminescence imaging (
for tumor therapy, with one representative of
six in each group. Luciferase expressed
hepatic cells Bel-7402 (1 x 106) in 0.1 mL of
normal saline (NS) were injected into the
armpit region of Balb/c nude mice, which
were divided into six different groups
including control, Dox, hydrogel, hydrogel
with irradiation, Dox loaded hydrogel and
Dox loaded hydrogel with irradiation (A).
Tumor inhibition rate of drug therapy was
recorded after administration from 0 to 18 d
by bioluminescence imaging. The results
were expressed as mean + SD (n=16).

Dox loaded Hydrogel with Hydrogel Dox Control
hydrogel irradiation

Dox loaded
hydrogel with
irradiation
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loaded hydrogel inhibited the sustained tumor growth effi-
ciently with a dynamic process. The therapeutic efficacy was
further illustrated by the quantitative imaging analysis
(Figure 6(B)). The tumor growth was two or three folds
after 18 d in the control group and the hydrogel group, while
the tumor was inhibited only after administration for 3 d in the

Dox loaded hydrogel group and free Dox group. The
inhibition effect can continue to the 18th day with inhibition
of 30% in the Dox loaded hydrogel group. However, the tumor
growth cannot be inhibited further in the free Dox group with
the loss of the efficacy due to the rapid metabolism of the
Dox. The imaging comparison demonstrated that the Dox
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loaded hydrogel had longer-lasting anti-tumor effect and
therapeutic effect than the free Dox, confirming the sustained
release of the drug delivery.

Since porphyrin is a photo sensitive compound, the
irradiation effect of the porphyrin incorporated hydrogel is
a factor for consideration, which maybe generate some
suppressor effect for the tumor under the irradiation
damage. In order to investigate the irradiation effect of the
porphyrin incorporated hydrogel for the tumor therapy, the
tumor inhibition also was tracked under the irradiation with a
wavelength of 808 nm each day by bioluminescence imaging.
Nevertheless, there was no obvious inhibition effect in the
hydrogel group and the Dox loaded hydrogel group under
irradiation, which suggested that the porphyrin incorporated
hydrogel did not evoke the photodrastic skill effect for the
tumor therapy. The main reason maybe comes from the
insufficient content and the structural change of the photo-
sensitive compound. It is only our speculation and the detailed
investigation need to be revealed in the following study.

Overall, the optical imaging can visualize the whole
process of the drug delivery and the tumor therapy using nude
mice bearing luciferase expressed hepatic tumor as models.
The dual fluorescent drug delivery system was monitored in
vivo by multispectral fluorescence imaging system, while the
tumor growth and inhibition effects was tracked by biolumin-
escence imaging along with the continued release of the drug.
The fluorescence imaging and bioluminescence imaging were
complementary imaging skills without mutual interference for
imaging guiding. Moreover, the interrelation between the
drug delivery and the tumor therapy were illustrated based on
the imaging location and tracking. The image guiding for the
drug delivery and treatment can explore a potential direction
for medical imaging, affording the possibility of the precise
drug delivery and treatment.

Conclusion

In summary, a dual fluorescent drug delivery system
consisted of the Dox loaded POR-PEG-PCL hydrogel was
successfully designed for the tracking of the drug delivery and
the tumor therapy by fluorescence imaging and biolumines-
cence imaging. The dual fluorescent drug delivery system
was monitored in vivo by multispectral fluorescence imaging
system, while the tumor growth and inhibition effects was
tracked by bioluminescence imaging along with the continued
release of the drug. The imaging comparison demonstrated
that the Dox loaded hydrogel had longer-lasting anti-tumor
effect and therapeutic effect than the free Dox, confirming the
sustained release of the drug delivery. The image guiding for
the drug delivery and treatment can explore a potential
direction for medical imaging, affording the possibility of the
precise drug delivery and treatment.
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