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Fluorescence (FL) imaging guided photodynamic therapy (PDT) is becoming highly desirable for person-
alized therapy and precision medicine. In this study, fluorescent polymer nanoparticles TCPP@PEI/PGA
were facilely synthesized through electrostatic interaction-mediated self-assembly of porphyrins tetra(4-
carboxyphenyl)porphine (TCPP) and polyethylenimine (PEI), and subsequent surface modification with y-
poly(glutamic acid) (y-PGA). TCPP served a dual function as the FL imaging probe and the photosen-
sitizer. The as-prepared TCPP@PEI/PGA nanoparticles showed excellent water-solubility and biocompati-
bility, while having outstanding capabilities of in vivo bioimaging and '0, generation. FL bioimaging of
mice and effective killing of CT 26 cells as well as CT 26 tumor-bearing mice upon laser irradiation were
successfully demonstrated when using TCPP@PEI/PGA as theranostic nanoprobes. This study provides a
simple but robust method to design and synthesize porphyrin-based polymer nanoparticles for theranos-

tics.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to its noninvasive, effective antitumor, and low adverse ef-
fects, photodynamic therapy (PDT) is becoming attractive in cancer
treatment [1-5]. During PDT, photosensitizers (PS) are used to con-
vert light into intracellular reactive oxygen species (ROS) to destroy
tumor cells. However, the phototoxicity to normal tissues and high
risk of tumor recurrence limits the clinical translation of PDT [6-8].
In order to address this critical issue, theranostic probes which can
realize imaging-guided therapy are attracting more and more re-
search attentions, due to the features of guidance of external lights
to precisely irradiate tumor lesion sites and subsequent monitor-
ing of treatment outcomes simultaneously [9,10]. Among various
imaging methods, fluorescence imaging (FL) has shown great po-
tential in the guidance of PDT as well as surgical operation, thanks
to its capability of real-time in vivo imaging with subcellular res-
olution and single cell sensitivity [11-13]. Therefore, effective PS
agents which integrate the capabilities of FL imaging and photo-
induced ROS generation are highly desirable for personalized ther-
apy and precision medicine.
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Nowadays, porphyrins [14-16], BODIPY [17,18], Cyanine com-
pound [19,20], are extensively used as effective PS agents for FL
imaging-guided PDT. Especially, porphyrin derivatives are exten-
sively used for FL imaging as well as PDT, owing to their ex-
cellent characteristics such as high vascular permeability for ac-
cumulation in tumor as well as long stokes shift [21,22]. As a
typical kind of porphyrins, tetra(4-carboxyphenyl)porphine (TCPP)
demonstrates itself as both an excellent PS agent and a good FL
imaging probe, by not only generating ROS under irradiation ef-
ficiently, but also exhibiting strong fluorescence emission in the
near-infrared region [23,24]. However, the poor water solubility
and cell-membrane permeability greatly restrict the biomedical
applications of TCPP, especially in FL imaging-guided PDT. Fortu-
nately, it has been well-established that nanoparticles can trans-
port organic molecules with poor water solubility and bad cell per-
meability into cells by neglecting their intrinsic properties [25-28].
Particularly, polymer nanoparticle is becoming an appealing plat-
form for the preparation of multifunctional nanotheranostic probes
because the rational design can be easily realized by judicious
incorporation of building blocks [29-33]. For example, a simple
amide coupling reaction was used to prepare TCPP-polyethylene
glycol (PEG) based nanotheranostic probes for imaging-guided
cancer therapy [34]. Although various reported nanotheranostic
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Scheme 1. Schematic illustration for the synthesis of TCPP@PEI/PGA nanoparticles and their applications in FL bioimaging in vivo and cell destruction in vitro.

probes exhibited excellent performance for cancer therapy, it is
still compelling to develop simple but robust synthetic routes for
the preparation of polymer nanotheranostics in a more efficient
manner.

Polyethylenimine (PEI) presents itself as an attractive building
block for the synthesis of polymer nanoprobes because of its fea-
tures such as excellent water solubility and cell-membrane perme-
ability aroused by its large amount of amino groups and positive
charges [31-33,35-38]. More importantly, the electrostatic interac-
tion between positively charged PEI and negatively charged TCPP
can induce the self-assembly of PEI and TCPP to form polymer
nanoparticles which can easily transport TCPP into cells by neglect-
ing its intrinsic property. Therefore, a simple but robust synthetic

route is successfully demonstrated to encapsulate TCPP into PEI-
based nanotheranostic probes TCPP@PEI/PGA, and the potential of
TCPP@PEI/PGA for FL imaging-guided PDT is initially evaluated us-
ing CT 26 cells and CT 26 tumor-bearing mice (Scheme 1).

Their large amount of amino groups make PEI positively
charged and highly hydrophilic. More importantly, the amino
groups of PEI can interact with carboxylic groups of TCPP to form
nanoparticles via electrostatic interaction-induced self-assembly
(Scheme 1), and thereafter improve the water solubility and cell-
membrane permeability of TCPP. This can facilitate its biomedical
applications, especially for FL imaging-guided PDT. From the per-
spectives of PDT and FL imaging, the as-prepared TCPP@PEI/PGA
nanoparticles should have the strongest capability of 10, genera-

Fig. 1. Synthesis of TCPP@PEI/PGA nanoparticles. Optimization of PEI/TCPP ratios using FL intensity (A) and size (B) of as-prepared nanoparticles as the parameters. Insert:
Photos of the suspensions containing as-prepared TCPP@PEI nanoparticles using different PEI/TCPP ratios in daylight (upper) and under UV irradiation (lower). (C) Optimiza-
tion of synthesis time using FL intensity (Aem = 672 nm) as the parameter. (D) Optimization of PGA/PEI ratios using zeta potential of as-prepared TCPP@PEI/PGA nanoparticles

as the parameter.
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tion as well as the highest FL quantum yield (QY). And from the
perspective of in vivo application, nanoparticles with smaller di-
ameter are advantageous. Therefore, the PEI/TCPP ratio and the re-
action time for the nanoparticle synthesis were optimized at first.
As shown in Fig. 1A and Fig. S1 (Supporting information), along
with the increase of the PEI/TCPP ratio, the amount of undissolved
TCPP decreased and the FL intensity of the nanoparticle suspen-
sion increased. And when the PEI/TCPP ratio reached 10, all the
TCPP completely reacted with PEI to form nanoparticles (Inset of
Fig. 1A). However, for the as-prepared TCPP@PEI/PGA nanoparticle,
at the PEI/TCPP feed mass ratio of 6, its size minimized (Fig. 1B)
as well as its FL QY and '0, QY maximized (Table S1 in Support-
ing information). Considering that nanoparticles with smaller di-
ameter, higher FL QY as well as 10, QY are beneficial to in vivo
biomedical applications, the PEI/TCPP ratio of 6 was considered
as the optimal experiment condition for the synthesis. And from
Fig. 1C, the FL intensity of the nanoparticle suspension was leveled
off after reaction 5 h, i.e., the optimal reaction time for the synthe-
sis.

It has been well-documented that the excess of surface posi-
tive charge might also induce serious cytotoxicity. To address this
issue, in this study, biocompatible y-PGA was modified onto the
surface of TCPP@PEI nanoparticles via electrostatic interaction be-
tween carboxylic groups of y-PGA and amino groups of PEI. As ex-
pected, along with the increase of the PGA/PEI ratio from O to 0.6,
the zeta potential of the as-prepared nanoparticles decreased from
~40.0 mV to ~6.0 mV (Fig. 1D). Since a certain amount of surface
positive charge can facilitate the entry of nanoparticles into cells
without affecting cell activity, the PGA/PEI ratio of 0.6 was consid-
ered as the optimal experiment condition for the surface modifica-
tion.
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As shown in TEM image, the as-prepared TCPP@PEI/PGA
nanoparticles exhibited irregular sphericity (Fig. 2A). DLS measure-
ments revealed that the water-dispersed TCPP@PEI/PGA nanoparti-
cles exhibited an uniform size distribution with a hydrodynamic
diameter of 221 + 28.3 nm (Fig. 2B). And the surface modifi-
cation with y-PGA substantially decreased the zeta potential of
TCPP@PEI/PGA nanoparticles to +5.91 mV.

The successful synthesis of TCPP@PEI/PGA nanoparticles was
validated by the UV-vis absorption spectra and FL spectra. As
demonstrated in Fig. 2C, TCPP exhibited the characteristic absorp-
tion peak at ~420 nm which was originated from the porphyrin
moiety of TCPP, while all the other components for nanoparticle
synthesis, PEI and PGA, barely had absorption at ~420 nm. How-
ever, both TCPP@PEI and TCPP@PEI/PGA nanoparticles exhibited
the characteristic absorption of TCPP, indicating the successful
encapsulation of TCPP into nanoparticles. Notably, TCPP@PEI/PGA
nanoparticles also exhibited an absorption peak at ~660 nm (Inset
of Fig. 2C), which could facilitate the PDT because the laser with
longer wavelength is beneficial for in vivo applications.

Similarly, as demonstrated in Fig. 2D, TCPP exhibited the char-
acteristic emission peaks at ~650 nm and ~710 nm upon exci-
tation at 414 nm, while all the other components for nanopar-
ticle synthesis, PEI and PGA, exhibited no emission behavior at
the wavelength range of 600-780 nm. However, both TCPP@PEI
and TCPP@PEI/PGA nanoparticles exhibited the characteristic emis-
sion peaks of TCPP, again indicating the successful encapsulation of
TCPP into nanoparticles. Notably, compared with TCPP, a red shift
of ~20 nm was observed in the wavelengths of emission peaks of
TCPP@PEI nanoparticles and TCPP@PEI/PGA nanoparticles, possibly
due to the abundant amino groups surrounding the TCPP [39,40].
The excellent emission property makes TCPP@PEI/PGA nanoparticle

Fig. 2. Characterization of TCPP@PEI/PGA nanoparticles. (A) TEM image of TCPP@PEI/PGA nanoparticles. (B) Particle size distribution of TCPP@PEI/PGA nanoparticles. (C) The
absorption spectra of TCPP, PEI, PGA, TCPP@PEI and TCPP@PEI/PGA nanoparticles. Insert: The enlarged absorption spectra of TCPP, TCPP@PEI and TCPP@PEI/PGA nanoparticles
in the wavelength of 630-700 nm. (D) The fluorescence excitation spectrum of TCPP@PEI/PGA nanoparticles, and the emission spectra of TCPP, PEI, PGA, TCPP@PEI and
TCPP@PEI/PGA nanoparticles. Insert: The photos of TCPP, PEIl, PGA, TCPP@PEI and TCPP@PEI/PGA nanoparticles under UV irradiation.
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Fig. 3. Biotoxicity of TCPP@PEI/PGA nanoparticles. (A) Cell viabilities of CT26 cells upon treatment with TCPP@PEI/PGA nanoparticles with or without laser irradiation
(650 nm, 0.1 W/cm?, 10 min). (B) The time-dependent production of '0, in the presence of 0.48 mg/mL of TCPP@PEI/PGA nanoparticles (red curve), TCPP (blue curve) and
water (black curve) under 10 min laser irradiation. (C) The concentration-dependent production of 0, in the presence of 0.48 mg/mL of TCPP@PEI/PGA nanoparticles under
10 min laser irradiation. (D) Hemolytic potential of TCPP@PEI/PGA nanoparticles to human red blood cells. (E) H&E staining of organs dissected from mice upon treatment

with PBS and TCPP@PEI/PGA nanoparticles (0.80 mg/mL).

suitable for in vivo FL bioimaging applications. Since the synthesis
reproducibility of TCPP@PEI/PGA nanoparticles is quite important
for its future applications, we analyzed the key parameters, such as
size, surface potential as well as emission properties, of 3 different
batches of TCPP@PEI/PGA nanoparticles which were synthesized
by 3 different graduate students. As shown in Table S2 (Support-
ing information), 3 different batches of as-prepared TCPP@PEI/PGA
nanoparticles exhibited the similar size distribution profile, surface
potentials and emission features. The quite simple and straightfor-
ward synthesis protocol definitely contributes to its good synthesis
reproducibility.

The low cytotoxicity and good biocompatibility of
TCPP@PEI/PGA nanoparticles were verified by the MTT assay,
as evidenced by a high cell viability (~95%) even after being
exposed to TCPP@PEI/PGA nanoparticles with a concentration as
high as 1.20 mg/mL for 24 h (black bar of Fig. 3A). However, when
the TCPP@PEI/PGA nanoparticle-treated CT26 cells were irradiated
with a 650 nm laser (energy density: 0.1 W/cm?2) for 10 min, cell
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viability exhibited a concentration-dependent decrease (red bar of
Fig. 3A). More than 90% of CT 26 cells were destructed at dosage
of 1.20 mg/mL of TCPP@PEI/PGA nanoparticle and 10 min laser
irradiation, indicating the high efficiency of cell destruction. It is
believed that singlet oxygen (10,) generated by TCPP@PEI/PGA
nanoparticle upon laser irradiation should be responsible for the
efficient cell destruction. Experiment results confirmed the time-
dependent (red curve of Fig. 3B) and concentration-dependent
(Fig. 3C) production of 10, in the presence of 0.48 mg/mL of
TCPP@PEI/PGA nanoparticles and 10 min laser irradiation, suggest-
ing that TCPP@PEI/PGA nanoparticle is also a good PS candidate
for tumor cell destruction through PDT. Correlated well with
Table S1, the encapsulation of TCPP into TCPP@PEI/PGA did not
obviously affect the capability of 10, generation, as evidenced by
that 10, QY of TCPP and TCPP@PEI/PGA were 24.3% and 22.8%,
respectively.

The good biocompatibility of TCPP@PEI/PGA nanoparticles was
also verified by their low hemolytic efficiency when using hu-
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man red blood cells as the model. As shown in Inset picture of
Fig. 3D, TCPP@PEI/PGA nanoparticles with various concentrations
did not cause the red blood cells to rupture and thereafter re-
lease hemoglobin, presenting no visually red color of the solu-
tion. Correlated well with this bare eye observation, only ~3.0% of
hemolytic efficiency was determined for TCPP@PEI/PGA nanoparti-
cles with the concentrations up to 0.30 mg/mL (Fig. 3D). All these
results verified the excellent blood compatibility of TCPP@PEI/PGA
nanoparticles.

The potential biotoxicity of TCPP@PEI/PGA nanoparticles was
evaluated using Balb/c mice. After being intravenous injected with
TCPP@PEI/PGA nanoparticles, the mice were dissected to collect
main organs including heart, kidneys, lungs, liver, and spleen for
H&E staining. As shown in Fig. 3E, compared to the PBS treated
mice, all major organs of TCPP@PEI/PGA nanoparticle-treated mice
exhibited negligible damage or inflammation. Again, this results
further confirmed good biocompatibility and low biotoxicity of
TCPP@PEI/PGA nanoparticles, laying a solid foundation for their in
vivo bioimaging applications.

Encouraged by their good biocompatibility, the capabilities of
TCPP@PEI/PGA nanoparticles for in vitro and in vivo FL bioimag-
ing were demonstrated by the use of CT 26 cells, zebra fishes
and Balb/c mice as models. The abundant surface amino groups
of TCPP@PEI/PGA nanoparticles afforded themselves good cell-
membrane permeability, because amino groups could arouse en-
dosomolytic effect. Combined with their bright FL, TCPP@PEI/PGA
nanoparticles are expected to be effective FL imaging probes. The
good cell-membrane permeability of TCPP@PEI-PGA nanoparticles
were validated by the red cellular fluorescence (Fig. 4A). To re-
veal the location of TCPP@PEI/PGA nanoparticles in the cells af-
ter endocytosis, TCPP@PEI/PGA nanoparticle-treated cells were fur-
ther treated with DAPI which could specifically stain the cell nu-
clei. Fig. 4A clearly showed that TCPP@PEI/PGA nanoparticles were
mainly localized in the cytoplasmic region of the cells, suggest-
ing the efficient internalization and accumulation of TCPP@PEI/PGA
nanoparticles in tumor cells. In addition, the intact morphology of
TCPP@PEI/PGA nanoparticle-treated cells also confirmed the good
biocompatibility of TCPP@PEI/PGA nanoparticles.

The capabilities of TCPP@PEI/PGA nanoparticles for in vivo
FL bioimaging were firstly evaluated using zebra fishes. Fig. 4B
clearly showed that zebra fishes can uptake TCPP@PEI/PGA
nanoparticles without affecting their normal physiological be-
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haviors, as evidenced by the obvious and bright red fluores-
cence at their esophagus. This result suggested that zebra fishes
might uptake TCPP@PEI/PGA nanoparticles via swallowing be-
havior. Again, the good biocompatibility and the low biotoxi-
city of TCPP@PEI/PGA nanoparticles was also verified by that
TCPP@PEI/PGA nanoparticle-treated zebra fishes exhibited the in-
tact morphology without obvious lesion and/or teratogenesis.

Balb/c mice were also used as model to evaluate the bioimag-
ing capability of TCPP@PEI/PGA nanoparticles. All animal experi-
ments were performed in compliance with the regulations of the
Animal Ethical and Welfare Committee of Sun Yat-sen University.
Fig. 4C showed real-time in vivo imaging of mice at different
time points after being intravenous injected with TCPP@PEI/PGA
nanoparticles. 1 h after tail vein injection, strong FL signals orig-
inated from TCPP@PEI/PGA nanoparticles could be clearly observed
in kidney, and the intensity of FL signals in kidney decreased
along with time (middle of Fig. 4C). This result suggested that
TCPP@PEI/PGA nanoparticles could be efficiently accumulated in
kidney and renal excretion was the main elimination route for
TCPP@PEI/PGA nanoparticles. In addition, 24 h after tail vein in-
jection, the efficient accumulation of TCPP@PEI/PGA nanoparti-
cles in liver was also confirmed (upper of Fig. 4C), suggesting
that nanoparticles could also be eliminated by enteron excretion.
Through imaging of the single organ after dissection, the accumu-
lation of TCPP@PEI/PGA nanoparticles in lung was also observed
(lower of Fig. 4C), possibly due to the reticuloendothelial system
containing large amounts of phagocytosis in lung [41]. It was also
worthy to mention that FL signals were barely observed from the
heart, and spleen. All imaging results revealed that the synergistic
metabolism of TCPP@PEI/PGA nanoparticles via kidney and liver.

Encouraged by the excellent PDT efficiency of TCPP@PEI/PGA
nanoparticles in vitro, a preliminary anti-tumor study using CT
26 tumor-bearing mice was carried out to assess its feasibility as
PDT agent for cancer therapy in vivo. As shown in Fig. S2 (Sup-
porting information), tumor volume was significantly decreased af-
ter being treated with 100 uL TCPP@PEI/PGA (0.80 mg/mL) and
laser irradiation under a 635 nm laser (25 mW/cm?2) for 10 min.
The results indicated that TCPP@PEI/PGA nanoparticles exhib-
ited potential in tumor growth inhibition and FL imaging-guided
phototherapy.

In conclusion, a simple and robust synthetic route is success-
fully demonstrated to encapsulate the porphyrin derivative, TCPP,

Fig. 4. Bioimaging applications of TCPP@PEI/PGA nanoparticles. (A) CLSM images of CT 26 cells incubated with and without TCPP@PEI/PGA nanoparticles. The nuclei were
stained with DAPI (blue). (B) Bright-field and fluorescence images of zebra fishes upon treatment with and without TCPP@PEI/PGA nanoparticles. (C) In vivo FL imaging of
mice after intravenous injection with TCPP@PEI/PGA nanoparticles at different time points, and ex vivo FL images examined at 24 h post-injection.
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into PEI-based polymer nanotheranostics, TCPP@PEI/PGA nanopar-
ticles, for in vivo bioimaging applications. In the resultant nanoth-
eranostics, TCPP serves a dual function as the FL imaging probe
and the PS for PDT. In vitro and in vivo experiments confirmed
that TCPP@PEI/PGA nanoparticles exhibited excellent biocompati-
bility as well as efficient FL imaging capability. In addition, in vitro
and in vivo experiments validated that TCPP@PEI/PGA nanoparti-
cles could also serve as an effective phototherapeutic agent for
cancer cell killing and tumor growth inhibition by generating ef-
ficient 10, under a 650 nm laser irradiation. All the results vali-
dated that TCPP@PEI/PGA nanoparticles were high efficient thera-
nostic probes for in vivo applications.
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