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Propose: The early diagnosis of hepatocellular carcinoma (HCC) with ferritin heavy chain
(Fth) modified by alpha-fetoprotein (AFP) promoter has been studied. However, no study has
focused on the considerable upregulation and specific targeting effects of transferrin receptors
(TfR) caused by the transfection of plasmids encoded with the AFP promoter. Thus, the objective
of our study was to investigate whether the transfection of Fth gene modified with AFP promoter
(AFP@Fth) could be used for early diagnosis and enhanced treatment of HCC.

Methods: The AFP@Fth plasmid was transfected into AFP positive cells. The expression of
intracellular Ferritin was verified by Western blot, and the upregulation of TfR was con-
firmed by immunofluorescence and flow cytometry analysis. Cellular iron accumulation
resulting in decreased imaging signals was examined by magnetic resonance imagining.
Doxorubicin liposome modified with transferrin (Tf-LPD) was prepared to investigate the
efficiency of the subsequent treatment after transfection. The enhanced drug distribution and
effects were investigated both in vitro and in vivo.

Results: Both Ferritin and TfR were overexpressed after transfection. The transfected cells
showed higher intracellular iron accumulation and resulted in a lower MR T2-weighted
imaging (T2WI) intensity, suggesting that the transfection of AFP@Fth could be
a potential strategy for early diagnosis of liver cancer. The following treatment efficacy
was revealed by Tf-LPD. As compared with un-transfected cells, transfected cells exhibited
higher uptake of transferrin-modified liposomes (Tf-LP), which was due to the specific
interaction between Tf and TfR overexpressed on the transfected cells. This is also the
reason why Tf-LPD showed better in vitro and in vivo anticancer ability than doxorubicin
loaded liposome (LPD). These results suggested that transfection of AFP@Fth could result in
enhanced therapy of liver cancer.

Conclusion: Transfection of AFP@Fth could be used for early diagnosis and for enhanced
treatment of live cancers.

Keywords: AFP promoter, magnetic resonance imaging, transferrin, targeted drug delivery,

hepatocellular carcinoma

Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer mortality
worldwide.' The five-year survival rate of patients with HCC has gradually increased
with the development of treatment management; however, its incidence and mortality
are still steadily rising.” ® In contrast, many patients are diagnosed at an advanced stage
because of the lack of early diagnostic methods, thereby losing the opportunity to
receive radical surgery or transcatheter arterial chemoembolization (TACE).>”** In this
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situation, chemotherapy is still an important therapeutic
approach.” ! Thus, early diagnosis and effective follow-up
treatment are desirable to improve the prognosis of patients
with HCC.

Dynamic contrast-enhanced magnetic resonance ima-
ging (MRI) is a reliable method for the diagnosis of HCC.
In contrast-enhanced MRI, contrast agents are used to
obtain clear observations. Molecular imaging, which is
a promising method, makes a significant contribution to
the contrast agents for early diagnosis.'*'* Currently, the
most studied contrast agents are exogenous contrast
agents, including gadopentetate dimeglumine and super-
paramagnetic iron oxide (SPIO).'* However, the utiliza-
tion of exogenous contrast agents still faces challenges
because they can be highly accumulated in bones and the
kidneys, thereby causing unsatisfactory side effects.
Furthermore, the exogenous contrast agents can be pro-
gressively diluted by cell division, thereby negatively
affecting their sensitivity. Moreover, they often provide
false positive outcomes due to cell death.””'® Hence,
increasing studies are now turning to endogenous contrast
agents for early diagnosis, such as the MR reporter gene.

As one of the MR reporter genes, Ferritin heavy chain
(Fth) has been confirmed to be a good candidate because
of its excellent ability to image tumors.'”** Fth shows
little cellular toxicity and can persistently produce
a reduction of the signal intensity in MRI without fading
over time.'>?*** The intracellular overexpression of Fth
could induce iron deficient mechanisms, including expres-
sion of transferrin receptor (TfR) and increased iron
uptake, which directly reduce the signal intensity in MR
T2WI and makes it possible for Fth to be a promising MR
endogenous contrast agent.”* However, no studies have
reported another important role of Fth as a magnetic reso-
nance contrast agent. That is, enhanced site-specific drug
delivery driven by the induced expression of TfR of these
above mechanisms during imaging.

To analyze the precise imaging results in tumors, the
reporter gene is always modified with a promoter.
Promoters are typically tumor-phenotypic related proteins
that are responsible for initiating subsequent gene tran-
scription in specific cells, such as HER2 and alpha-
fetoprotein (AFP).'>'®?> AFP is positively expressed in
80% of HCC cases.?®*’ Thus, AFP was selected as the
promoter to regulate Fth expression in AFP-positive hepa-
toma cells, and an AFP@Fth plasmid was constructed to
verify the iron deficiency mechanisms during the imaging
process. With the specific expression of the reporter gene,

the subsequent therapeutic effect will also be observed in
AFP-positive liver cancer cells specifically.

In our previous research, we reported the diagnosis
results of AFP@Fth plasmid in HCC. In this study, we
investigated enhanced therapeutic efficacy based on the
TfR induced expression caused by the transfection of
AFP@Fth. As mentioned above, TfR is upregulated to
satisfy the iron requirements after overexpression of Fth.
TfR is widely distributed on the cell surface and is as an
important component of iron homeostasis to regulate the
import of holo-transferrin. As reported, TfR is overex-
pressed on the surface of cancer cells compared to that
on the surface of normal cells because of the rapid pro-
liferation and the increased iron demand in malignant
tumors.?*?*° We explore the subsequence specific delivery
based on the overexpression of TfR containing both the
abnormal distribution in tumor cells and induced expres-
sion via transfection.

Transferrin (Tf) is considered to be the most suitable
ligand for targeted drug delivery into cancer cells.** ' The
following therapeutic efficacy was assessed using Tf-
modified liposomes; liposomes have numerous advantages
such as non-toxicity, stability, easy modification, biode-
gradability, and economic feasibility.’*>* Liposomes are
a widely studied carrier with good affinity with the cell
membrane. The hollow structure of liposomes makes it
easier to pack anti-tumor drugs. To explore the clinical
potential of this enhanced targeting capability, anti-tumor
drugs were encapsulated in liposomes for subsequent tar-
geted therapy. Doxorubicin (DOX) is a widely used drug
in clinical treatment because of its broad antitumor
spectrum.>**> However, DOX also produces serious
adverse reactions, such as cardiotoxicity and bone marrow
3638 Thys,

a carrier to increase the accumulation of drugs at the lesion

suppression. encapsulating DOX within
site and to reduce the distribution to normal tissues is
necessary. As mentioned above, Tf-modified DOX loaded
liposome (Tf-LPD) was synthesized to explore the
enhanced therapeutic efficacy on the basis of overex-
pressed TfR.

The purpose of this study was to assess the enhanced
specific therapeutic effect caused by the upregulated TfR
via AFP@Fth transfection (Scheme 1). Many previous
studies have focused on Fth as an MR endogenous con-
trasting agent. The results of using AFP@Fth as an MRI
contrast agent were revealed in our previous study.
However, the enhanced therapeutic effect induced by
AFP@Fth transfected expression has not been revealed
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Scheme | Schematic illustration of molecular imaging diagnosis and subsequent enhanced treatment using the AFP@Fth plasmid.

Notes: Schematic illustration of molecular imaging diagnosis and subsequent enhanced treatment achieved in HepG2 cells via AFP@Fth plasmid. The plasmid specifically
promoted Fth in HepG2 cells, and overexpressed Fth caused up-regulation of TfR expression, which increased intracellular iron accumulation and resulted in the lower signal
intensity on MR T2WI. Tf-LPD was administrated 2 days after AFP@PFth transfection which targeted the overexpressed TfR and delivered doxorubicin into HepG2 cells.
Abbreviations: AFP@Fth, alpha-fetoprotein promoter Ferritin heavy chain plasmid; TfR, transferrin receptor; MR T2WI, magnetic resonance T2 weighted imaging; Tf-LPD,

transferrin modified doxorubicin liposome.

in HCC to date. The process of induction of iron defi-
ciency mechanisms was studied, including the specific
expression of plasmid, overexpression of Fth, up-
regulation of receptor, and higher intracellular iron accu-
mulation. Furthermore, the subsequent targeting ability
and anti-tumor effect based on these mechanisms were
evaluated both in vitro and in vivo using Tf-modified

liposomes.

Materials and Methods

Reagents

Hydrogenated soybean phospholipid (HSPC) was purchased
from Advanced Vehicle Technology L.T.D. Co, Ltd (Shanghai,
China), Human holo Transferrin (T4132), Branched
PEI (25kD) were obtained from Sigma-Aldrich Inc
(St. Louis, MO, USA). Cholesterol, 1.2-distearoyl-sn-glycero

-3-phosphoethanolamine PEG Maleimide (DSPE-PEG-Mal),
Tris (2-carboxyethyl) phosphine Hydrochloride (TCEP),
Doxorubicin hydrochloride (DOX), 3-(4,5Dimethylthiazol-
y1)-2,5Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide
(MTT), fluorescein isothiocyanate (FITC) were purchased
from Aladdin Reagent Database Inc (Shanghai, China).
2-Iminothiolane hydrochloride (Traut’s reagent) was pur-
chased from Yuanye Bio-Technology Co, Ltd (Shanghai,
China). 4',6-15 diamidino-2-phenylindole (DAPI) was pur-
chased from Beyotime Biotechnology (Shanghai, China).
Indocyanine green (ICG) was obtained from Tokyo Chemical
Industry Co, Ltd (Tokyo, Japan). Octadecylamine (ODA,
95%) was purchased from Fluka, USA. The AFP@Fth plas-
mid, encoding an AFP promoter and Ferritin heavy chain, was
synthesized by Shanghai Genechem Co, Ltd (Shanghai,
China) according to the Fth gene sequence in GenBank
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(NM _013233). Anti-AFP antibody and anti-Ferritin heavy
chain antibody were purchased from Abcam (Abcam,
Cambridge, UK, ab65080). Fluorescein isothiocyanate conju-
gated anti-human CD71 (anti-TfR) was purchased from
eBioscience, Inc. (San Diego, CA, USA). All other chemicals
and solvents were of analytical or chromatographic grade.
Deionized water (18.4 MQ cm) used in all experiments was
prepared using a Milli-Q system (Millipore, Boston, USA) and
was used in all experiments.

Cell Culture

HepG?2 cell line and LO2 cell line were obtained from the
Chinese Academy of Sciences cell bank (Shanghai,
China). HepG?2 cell line was AFP positive human hepato-
cellular carcinoma cell, LO2 cell line was human hepato-
cytes. Cells were cultured in Dulbecco’s Modified Eagle
Medium (Gibco, USA) supplemented with 10% FBS
(Gibco, USA) and 1% penicillin-streptomycin (Gibco,
USA) in a 37 °C incubator with 5% CO2. Cells were
subcultured regularly using trypsin/EDTA (Meilune,
China).

Mice

BALB/C nude female mice aged 4-5 weeks had 16 + 2
g weights and were obtained from Zhejiang Medical
Animal Centre (Hangzhou, China), which were housed
with free access to water and food. All the animal experi-
ments were in line with the ARRIVE guidelines and were
carried out according to the National Institutes of Health
(NIH, USA) protocols, approved by the guidelines of the
Ethical Committee of Zhejiang University.

Synthesis of Transferrin-Functionalized

DSPE-PEGzooo-MaI

Transferrin-functionalized DSPE-PEG,q90-Mal (DSPE-
PEG000-Tf) was synthesized as reported previously.*® Tf
and EDTA boric acid buffer containing Traut’s reagent
were mixed and incubated in the dark for 1 h on
a rotational shaker at 110 rpm, and then, dialyzed over-
night in a 0.1 mM TCEP solution; dialysis of external fluid
was performed to separate the excessive Traut’s reagent.
Then, thiolated Tf was added into DSPE-PEG-Mal solu-
tion drop by drop and allowed to react for 8 h under
a water bath at 37 °C with gentle agitation, which allowed
the conversion of mercapto and amino groups. Eventually,
dialysis was performed to purify DSPE-PEG;(go-Tf.

'H NMR Measurement of DSPE-PEG-Tf
The composition and structure of DSPE-PEG-Tf were
confirmed by "H-NMR spectroscopy. The same amounts
of DSPE-PEG-Mal, Tf, and DSPE-PEEG-Tf were dis-
solved in 0.7 mL chloroform-d in NMR tubes. The 'H
NMR spectra were recorded using a 400-MHz spectro-
meter (Inova 400, Varian, USA) at 25 °C.

Preparation of Tf-LPD

Liposomes were prepared using a previously published
method with slight modifications.** Briefly, the liposomes
were prepared using HSPC: cholesterol: DSPE-PEG;gg0-
Mal at a molar ratio of 6:3:0.6. The lipids were dissolved in
mixed organic solvent of chloroform: methanol (2:1 v/v) and
dried to a thin lipid film in a round-bottom flask on a rotary
evaporator at 53°C. Then, the formed lipid film was hydrated
with ammonium sulfate buffer (250 mM, PH 8.5) at 53 °C.
The monolayer liposomes were treated with an ultrasonic cell
crusher (JY92-1I, Ningbo Scientz Biotechnology Co, Lab).
The obtained liposomes were then dialyzed to remove the
non-entrapped ammonium sulfate. The liposomes were
extruded through a polycarbonate membrane of pore size
0.2 um once to make the liposomes more homogeneous.

DOX was encapsulated into the liposomes using the
ammonium sulfate gradient method. Briefly, the ammo-
nium sulfate liposome suspension was poured in
a penicillin bottle in water bath and magnetically stirred
at 60 °C. Subsequently, DOX powder was added to the
liposome suspension to achieve a drug to PL ratio of 1/10
(w/w). The solution was stirred at 60 °C softly for 1 h and
then dialyzed in deionized water to remove free DOX.
The encapsulation of ICG was the same as DOX. DSPE-
PEGjg0o-Tf was added into LPD with slight agitation
under 37 °C for 1 h in addition to the Tf modified lipo-
some. The preparation of FITC labeled liposomes
(LPgrrc) was similar to that of the usual blank liposomes.
HSPC: cholesterol: DSPE-PEGj¢00-Mal was used at
a molar ratio of 6:3:0.6, including 5% FITC-ODA of the
total lipids. The following steps were as mentioned
above.

Physical Characterization of the Samples
and Morphology

The particle size and size distribution were measured by
Dynamic light scattering (DLS, Zetasizer, Malvern Co.,
UK). The morphology of the microspheres was observed
by transmission electron microscopy (JEM-1200EX,
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JEOL, Japan). The morphologies of LPs, LPD, Tf-LP, and
Tf-LPD were also observed by transmission electron
microscopy. The samples were prepared as follows: 10
uL of the appropriate diluted solution was dropped on
the 200-mesh copper grid coated with carbon, and excess
solution was absorbed on a filter paper after 2 min. Then,
an appropriate amount of uranium acetate dye was added
on the copper grid, which was left for approximately 20
s before wiping and for observation.

Drug Loading and Encapsulation Efficiency
The standard DOX curve was quantified over the con-
centration range of 0.1-2.0 ug/mL using a fluorescence
spectrophotometer (F-2500, Hitachi Co, Japan), and the
curve was obtained by linear regression analysis.
Encapsulation efficiency (EE) and drug loading (DL)
were determined by a centrifugal ultrafiltration method.
Briefly, the liposome solution was disrupted by metha-
nol, and the total DOX content was quantified by
a fluorescence spectrophotometer at an excitation wave-
length of 476 nm and the slit widths were 10 nm
(excitation) and 5 nm (emission). Then, the unencapsu-
lated DOX dissolved in water was separated through an
ultrafiltration tube (MW: 3.5 kDa), and the content was
measured again. These fluorescence absorption values
were converted to drug concentrations using the stan-
dard curve, and then, the DL and EE were calculated by
the following formulas:

DL% = (total mass of drug- the mass of unencapsu-
lated drug)/mass of loaded liposomes % 100%

EE% = (total mass of drug- the mass of unencapsulated
drug)/total mass of drug x 100%

Drug Release

The in vitro drug release from the liposomes was evalu-
ated by dialysis using phosphate buffered saline (PBS, pH
7.4) as a dissolution medium. Briefly, 500 pL. LPD and Tf-
LPD were added to a dialysis bag (MWCO 3.5 kDa,
Spectrum Laboratories, Laguna Hills, Canada) and dia-
lyzed against PBS under sinking conditions using an incu-
bator shaker (HZ-8812S, Scientific and Educational
Equipment Plant, Taicang, China) at 110 rpm and 37 °C.
At predetermined time points, the media were collected
and replaced with fresh buffer solution. The drug content
in the release medium was detected using a fluorescence

spectrophotometer.

Western Blotting for AFP and Ferritin

Expression

The Ferritin expression was confirmed by Western blotting
assay. HepG2 cells were incubated for 48 h after transfection
using 80 uL RIPA buffer containing protease inhibitor
(Sigma, USA) to lyse the cells in a 6-well plate on ice for
30 min. After centrifuging and collecting the cells in EP
tubes, the protein concentration was evaluated by the
bicinchoninic acid assay. The protein solution was added to
5* loading buffer in a ratio of 4:1 and denatured in a boiling
water bath for 15 min. Then, the samples were loaded onto
12% gels for sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). The cut gels including the
molecular weight between 21KD (Ferritin heavy chain) and
42KD (B-actin) were transferred onto PVDF membranes for
blotting. The membranes were blocked with 5% skim milk
powder solution for 2 h at 37 °C and then incubated overnight
at 4 °C with rabbit anti-Ferritin monoclonal antibody
(1:2000, Abcam). The membranes were incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG (1:
5000, Boster) for 1 h after thoroughly washing with TBST
buffer. Eventually, the proteins of interest were visualized
using enhanced chemiluminescence (ECL).

The confirmation of AFP expression was similar to that
of Ferritin. AFP samples were loaded onto 15% gels for
SDS-PAGE and incubated with an anti-AFP monoclonal
antibody (1:2000, Abcam) overnight.

Immunofluorescence Assay and Flow
Cytometry for TfR Expression

Cells were cultured in 24-well plates containing coverslips for
24 h before transfection. After 48 h post-transfection, the cells
were washed with PBS and then fixed by 4% paraformalde-
hyde (PFA) for 10 min. Immediately after fixation, 5% normal
goat serum was used for blocking at 37 °C for 1 h. To verify
the upregulation of TR, the cells were incubated with a rabbit
anti-TfR monoclonal antibody (1:100, Abcam, UK) at 4 °C
overnight and then incubated with a DyLight 488-conjugated
goat anti-rabbit secondary antibody (1:200, Boster, USA) for 1
h. The cell nucleus was counterstained with DAPI (1:1000,
Beyotime, China). Then, the coverslips were removed from
the plate, fixed on glass slides, and finally, examined using
laser confocal microscopy (Olympus, Japan).

To further quantitatively detect the overexpression of
TfR, flow cytometric analysis of HepG2 cells were per-
formed. HepG2 cells were washed three times with PBS
containing 0.1% bovine serum albumin and blocked with
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normal mouse serum at 4°C for 60 min prior to staining.
A total of 1x10° cells were incubated with fluorescein
isothiocyanate conjugated anti human CD71 (anti-TfR) at
4°C for 30 min and were subsequently washed three times
with PBS containing 0.1% bovine serum albumin. The
cells were subsequently analyzed using a flow cytometer
(ACEA NovoCyteTM; ACEA Biosciences, USA). The
cells without the administration of fluorescein isothiocya-
nate conjugated anti-human CD71 (anti-TfR) and transfec-
tion were used as a negative control.

MRI Study in vitro

MRI was used to observe the level of intracellular iron load-
ing after Fth gene transfection. Half of the 24h-transfection
and 48h-transfection groups were administered FAC. Twelve
hours after transfection, 0.5 mM FAC was added to the
cultured medium of the FAC (+) group and co-incubated
with cells for 12 h and 36 h. After washing with PBS thrice
to remove free iron, cells were fixed in 4% PFA for 10 min
and dissociated with 0.5 mL trypsin per well. The dissociated
cells were centrifugated and transferred to 500 uL EB tubes
in suspension. The cells were centrifugated once again and
finally suspending in 10 pL PBS in EP tubes and filled with
1% un-solidified agarose solution in each tube.?'*** T2%*-
weighted imaging (T2*WI), T2WI, and T2 values were
acquired using T2 fast spin-echo and ESWAN sequences by
a 3.0-T MR (GE Discovery MR750, USA). FSE sequence:
repetition time (TR) = 3070.0 ms, echo time (TE) = 96.6 ms,
and slice thickness = 1.0 mm; ESWAN sequence: TR = 52.3
ms, TE = 6.5-30.2 ms, and slice thickness = 1.0 mm.

Cellular Uptake of Transferrin Modified

Particles in vitro

To investigate the targeting ability of Tf-LPD toward the
transfected AFP positive cell line, cellular uptake of Tf-LPD
and LPD with or without transfection in the HepG2 cell line
was observed. Cells cultured in 24-well plates were divided
into two equal parts; one-half wells were used for transfec-
tion while the other half were not. After 48 h of transfection
incubation, the same amount of Tf-LPD and LPD was added
to the two group of cells, respectively and further for 0.5 h, 2
h, 4 h, 8 h, and 12 h. Finally, the fluorescence signals inside
the cells were examined by inverted fluorescence micro-
scopy and were also semi-quantified by Image J. For quan-
titative investigation, the cells were resuspended in PBS and
fluorescence intensity was determined by flow cytometry

(ACEA NovoCyteTM; ACEA Biosciences, USA), with the
untreated cells as the negative control group.

Cytotoxicity of Doxorubicin Loaded

Liposomes and Blank Liposomes

Cells were planted in 96-well plates and cultured in a 37 °©
C incubator with 5% CO, for 24 h. The transfection group
was allowed to incubate for 48 h, followed by rinsing with
PBS; then, the culture medium was replaced by 200 pL
fresh media containing serial dilutions of Tf-LPD and
LPD, and the cells were cultured for 24 h. Then, 20 pL
of a 5 mg/mL MTT stock solution was added to each well.
Four hours later, unreacted dyes were carefully removed
by aspiration, and 150 pnL. DMSO was added to each well
to dissolve the formazan crystals. After 10 min of low-
speed oscillation, the OD value was measured using
a Microplate reader (Bio-Rad, Model 680, USA) at
a wavelength of 570 nm. Wells that contained only med-
ium and cells without intervention were set as the control
group. The cells from the LP group and Tf-LP group were
added to the wells after culturing for 24 h, and then the
OD value was measured.

Transfection in vivo

The equal amount of plasmid that has mixed with PEI for
30 minutes was given to the transfected group two days
before the drug was administered, and then intratumorally
injected for transfection, which was set for 24, 48
h. Finally, the tumors were ground into a slurry for WB
detection to observe the expression of Fth; liver tissues
were also used as a control.*?

Targeting Ability of Transferrin-Modified

Particles in vivo

HepG2 cells (1 x 10° cells/0.2 mL) were subcutaneously
injected into in the right axillary region of female BALB/C
nude mice (Zhejiang University, Hangzhou, China), and
0.2 mL Tf-LP/ICG and LP/ICG was given to the different
groups by tail vein injection when the tumor volume
reached approximately 100 mm®. The in vivo distribution
was observed through a whole-body fluorescent imaging
system.

Anti-Tumor Effect in Mice

After successful tumor modeling, mice bearing tumors of
approximately 100 mm® were used in this study; the nude
mice were randomly divided into 6 groups of five to six
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(Figure 5A). Two of the groups were transfected, and Tf-LPD
and LPD were administrated separately. Tf-LPD and LPD
were also given to another two groups, but no transfection
pretreatment was performed. The remaining two groups were
the free DOX group and the saline group. Tf-LPD and LPD
were administered to each group of mice every 5 days at
a single dose of 4 mg/Kg according to the mean weight of
each group via tail vein injection (Figure 5B). The tumor
volume and mouse bodyweight were monitored on the day
of the next administration to observe the anti-tumor effect in
the transfection, non-transfection, preparation, and free drug
groups.

After several cycles of administration, mice were sacri-
ficed, and the heart, liver, spleen, lung, kidney, and tumor
were excised instantaneously. After gently washing away
the excess blood, the tissue sections were stained by
hematoxylin and eosin. The tumor volume was determined
by the two bisecting diameters of each tumor, which
represented the largest (a) and smallest (b) diameter
(mm) of the tumors, and the volume was calculated
using the formula 0.5x (a*b?).

Histological Analysis

The tumor tissues were submerged in 10% formalin for 48
h and then embedded in paraffin. Then, HE staining was
performed to analyze the pathological changes of impor-
tant organs between different groups of nude mice and to
observe the pathological differences between the four pre-
paration groups, the free drug group, and the physiological
group. The microscopic images were observed under
a Leica fluorescence microscope.

Statistical Analysis

All the quantitative data were shown as means + standard
deviation (SD) of three separate experiments. Discrepancies
between two groups were conducted by Student’s #-test and
one-way analysis of variance (ANOVA) was used for dis-
cerning discrepancies between multiple groups. A P-value
<0.05 was considered statistically significant. All statistical
analyses were done using STATA software.

Results and Discussion

'"H NIMR Spectroscopy of DSPE-PEG,q00-Tf
The synthesis scheme of DSPE-PEGyggy-Tf is shown in
Scheme S1. To identify the junction between the Tf ligand
and DSPE-PEG,gp0-Mal, "H NMR spectra with chloroform-d
were obtained. The peaks at about 3.57 ppm in the spectrum of

DSPE-PEG-Mal were attributed to the proton of -PEG, and
the peaks at approximately 6.60—6.70 ppm were attributed to
the proton of -maleimide. Peaks at 3.57 ppm attributed to -
PEG were also observed in the spectrum of DSPE-PEG-TH,
whereas the proton peak of maleimide (6.60-6.70 ppm) could
not be observed, which indicated that maleimide was linked
(Figure 1A). These above results demonstrated the successful
synthesis of DSPE-PEG;o-Tf.

Synthesis and Characterization of LPs,
Tf-LPs, LPD, and Tf-LPD

Liposomes were prepared by the membrane ultrasound
method and DOX encapsulation via the ammonium sulfate
gradient method. The particle size and size distribution of
liposomes were measured by dynamic light scattering (DLS)
(Table 1). The average particle sizes of LP and Tf-LP were
83.97+4.79 nm and 91.25 £ 7.39 nm, respectively. In contrast,
those of LPD and Tf-LPD were 62.58 + 5.69 nm and 48.05 +
7.76 nm, respectively. TEM examinations showed that each
type of liposome had a hollow spherical morphology, and their
average particle sizes were similar to those measured by DLS
(Figure 1B-E). These results suggested that the average parti-
cle sizes of liposomes could be reduced by encapsulating them
within the anti-cancer drug DOX, which could be due to
intermolecular interactions. Note that liposomes with sizes
<80 nm are effective at delivering drugs into lesion sites,
which could provide excellent anticancer capability.*’

Drug Loading, Encapsulation Efficacy, and

Drug Release

A standard curve covering the concentrations ranges of
0.1-2.0 pg/mL is shown in Figure S1. The variable regres-
sion equation of the curve was y = 414x + 28.541 (* =
0.9975), which showed good linearity. Next, the drug loading
(DL) and encapsulation efficacy (EE) of liposomes were
quantified using a fluorescence spectrophotometer via
a centrifugal ultrafiltration method. The fluorescence absorp-
tion values were converted to concentrations according to the
standard curve for EE and DL. Both LP and Tf-LP had high
DOX encapsulation efficiencies, which were 88.11 + 3.39%
and 93.82 + 1.28%, respectively. The drug loading capacities
of LP and Tf-LP were calculated to be 9.85 + 0.69% and
10.26 + 0.72%, respectively (Table 1). The drug release
profiles suggested that free DOX exhibited a rapid release
behavior, with approximately 100% DOX being released
within 10 h (Figure 1F). In comparison, Tf-LPD had
a proper sustained release profile, with 89.8% of DOX
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Figure | Characterization of different liposomes and drug release.

Notes: (A) 'H NMR of DSPE-PEGo000-Tf. (B) Size distribution and TEM images of LPs. (C) Size distribution and TEM images of Tf-LP. (D) Size distribution and TEM images
of LPD. (E) Size distribution and TEM images of Tf-LPD. (F) Drug release of free DOX, LPD, and Tf-LPD.
Abbreviations: DSPE PEG;qo-Tf, transferrin modified DSPE-PEG;q0-Mal; TEM, transmission electron microscope; LP, liposome; Tf-LP, transferrin modified liposome; LPD,

doxorubicin-loaded liposomes; Tf-LPD, transferrin modified doxorubicin liposome.

being released within 24 h. We also found that the drug
release behavior of Tf-LPD was quite similar to that of
LPD, suggesting that the Tf modification slightly influenced
the drug release performance of liposomes.

AFP Specific Expression and Ferritin

Expression
Western blot analysis was used to examine the expression
levels of AFP protein in HepG2 and LO2 cells. As AFP

Table | Diameter and Zeta Potential of Different Liposomes

positive hepatoma cells, HepG2 cells showed a much
of AFP than LO2 cells
(Figure 2A and C, p<0.05). Because the expression level
of AFP protein is a good indicator of AFP activity,'®
HepG2 cells were considered AFP positive, while LO2

higher expression level

cells were considered AFP-negative in this study. The
above result demonstrated the feasibility of use of AFP
as a promoter in the AFP@Fth plasmid and provided basis
for the subsequent verification test.

Groups Particle Size (nm) PDI EE% DL%

Blank LP 83.97 £ 479 0.17 + 0.04 / /

Tf-LP 91.25 £ 739 0.20 £ 0.02 / /

LPD 62.58 + 5.69 0.22 + 0.02 88.11 +3.39 9.85 + 0.69
Tf-LPD 48.05 + 7.76 0.27 + 0.01 93.82 £+ 1.28 10.26 + 0.72

Notes: The particle size and zeta potential of blank LP, Tf-LP, LPD, and Tf-LPD. Drug loading, encapsulation efficacy of LPD, and Tf-LPD.
Abbreviations: LP, liposome; Tf-LP, transferrin modified liposome; LPD, doxorubicin-loaded liposomes; Tf-LPD, transferrin modified doxorubicin liposome; PDI,

polydispersity index; EE, encapsulation efficiency; DL, drug loading.
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Figure 2 (A) Western blotting results for AFP expression in LO2 cells and HepG2 cells. (B) Western blotting results for Ferritin expression. (C) Quantitative values of AFP
expression in LO2 cells and HepG2 cell (*p < 0.05, vs LO2 cell group, n = 3). (D) Quantitative values of Ferritin expression in HepG2 cells transfected for 24 h and 48 h,
compared with untransfected HepG2 cells (***p<0.001, n = 3). (E) Immunofluorescence results of TfR upregulation in untransfected HepG2 cells and transfected HepG2
cells (24 h and 48 h). (F) Flow cytometry analyses for TfR surface expression. (G) MR images of untransfected HepG2 cells and transfected HepG2 cells (24 h and 48 h); with
or without FAC (c = 0.5 mM) provided. (H) Quantitative T2*WI signal intensity analysis of HepG2 cells without FAC. (I) Quantitative T2WI signal intensity analysis of
HepG2 cells with FAC (**p<0.01, vs HepG2 cell group and transfection for 24h group, n = 3).

Abbreviations: AFP, alpha-fetoprotein; TfR, transferrin; FAC, ferric ammonium citrate; T2*WI, T2* weighted imaging (ESWAN sequence).

Then, the same method was used to examine whether AFP
positive cells (HepG2 cells) transfected by the AFP@Fth
plasmid caused Fth overexpression. Different time points
were analyzed to demonstrate the proper time for expression.
The expression level of Fth in HepG2 cells transfected for 48
h was significantly higher than both cells transfected for 24
h and un-transfected cells (Figure 2B and D, p<0.001). These
results support the fact that Fth was overexpressed after the
liver cancer cells were transfected with AFP@Fth. The time-
dependent expression also illustrated that 48h-transfection
was a better condition and was chosen for the following
studies.**

Specific Upregulation of TfR
To confirm the expression level of TfR within untransfected
and transfected HepG2 cells, an immunofluorescence assay

was performed. To investigate the effect of different transfec-
tion times on the TfR expression level, HepG2 cells were
transfected with AFP@Fth and cultured for 24, 48 h, respec-
tively. Finally, the results were observed through a laser con-
focal microscope. TfR was specifically up-regulated because
the green fluorescence intensity of 48-h transfected HepG2
cells was much stronger than those of 24-h transfected and
untransfected cells (Figure 2E), which agreed with the Fth
expression level results. The quantitative analysis was consis-
tent with the results of the immunofluorescence (Figure 2F).
The non-transfection and 24 h-transfection cells did not
demonstrate significant differences. However, in the 48
h-transfection group, cell surface TfR was higher when com-
pared with the non-transfection group. These results indicated
that the expression level of TfR could be increased after
transfection and also showed that a more satisfactory
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Figure 3 (A) Fluorescence images of cellular uptake (scale bar = 50 um). (B) Flow cytometry analysis of cellular uptake in HepG2 treated with LPgrc. (C) Flow cytometry
analysis of cellular uptake in HepG2 treated with Tf-LPgrc. (D) Semi-quantitative analysis of fluorescence signals, (*p < 0.05, **p < 0.01 and **p < 0.001, n = 3). (E) Cell
viability was with LPs and Tf-LP at various doses for 24 h. (F) Cell viability of HepG2 cells with LPD and free DOX. (G) Cell viability of HepG2 cells incubated with Tf-LPD

and free DOX; (*p<0.05 and ***p<0.001, vs Tf-LPD group, n = 6).

Abbreviations: LP, liposome; Tf-LP, transferrin modified liposome; LPD, doxorubicin loaded liposomes; Tf-LPD, transferrin modified doxorubicin liposome; DOX,

doxorubicin.

expression might need a proper prolonged transfection time.
Collectively, this evidence demonstrated that the AFP/Fth
plasmid induced TfR upregulation on its cell surface after
transfection, providing a basis for subsequent targeted therapy.

Signal Changes in vitro MRI

The collected cells were subjected to MR imaging to study the
contrast imaging effect caused by changed iron uptake ability
via AFP@Fth transfection. The signal intensity of 24, 48
h-transfected HepG2 cells was significantly lower (darkening
of the cell layer) than that without transfection, whether FAC
or not. The growing results indicated that cells supplemented
with an extra FAC concentration showed a significant decrease
in the signal intensity, especially in the 48 h-transfection group
(Figure 2G). This could be because 48 h transfection led to
more receptor overexpression so that more iron could be
transported into the cell, compared to 24-h transfection.

Based on the regulation of TfR on the cancer cell surface, the
extra FAC supplement led to more intracellular iron accumula-
tion, which caused more pronounced T2WI intensity signal
decline. ¥

The quantitative analysis of the T2*WI was performed
according to the region of interest (ROI=8px) (Figure 2H
and I, p<0.01). This analysis confirmed that as shown in
previous transfection experiments, Fth overexpression and
TR up-regulation could lead to intracellular iron accumu-
lation in the condition of FAC provided, which then
brought about the lower T2WI intensity.

Cellular Uptake of Transferrin Modified
Particles in HepG2 Cells

The cellular uptake of liposomes was observed by
a fluorescence inverted microscope. A fluorescence dye
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of FITC was used to label the blank and target-modified
liposomes, which were abbreviated as LPgirc and Tf-
LPgirc, respectively. As shown by the green fluorescence
in Figure 3A, both transfected and untransfected HepG2
cells showed a gradual increase in fluorescence intensity
as the incubation time was increased, suggesting that the
cellular uptake of liposomes was time-dependent. HepG2
cells treated with Tf-LPgirc had a more obvious fluores-
cence intensity than those treated with LPgrc, indicating
that Tf-modification could remarkably increase the uptake
of liposomes. Furthermore, the fluorescence intensity of
the transfected cells treated with Tf-LPgrc was much
stronger than that untransfected cells treated with Tf-
LPgirc, which might explain that Tf-modification could
remarkably increase the uptake of liposomes. However,
this behavior was not observed in the untransfected
HepG?2 cells, suggesting that Tf-modification could speci-
fically target the liposomes to the transfected cells, rather
than the untransfected ones. Similar results were also
revealed by the quantitative analysis (Figure 3B and C).
Groups treated with Tf-LPgrc performed better than
LPgirc groups. Furthermore, in the two groups treated
with Tf-LPgrc, the transfected cells displayed a higher
fluorescence intensity than un-transfected cells. As pre-
viously mentioned, TfR was largely upregulated on the
surface of HepG2 cells after the cells were transfected and
led to specific targeting of Tf to the TfR, thereby leading
to the observation that a higher number of Tf-LPg1c were
uptaken by the transfected HepG2 cells.?*47+4

The quantitative analysis showed that, in the cells
treated with Tf-LPgirc for 12 h, the cellular uptake pre-
sented a significant difference between the untransfected
cells treated with Tf-LPg;rc and the transfected cell treated
with LPgrc, as shown in Figure 3D.

Cytotoxicity of Various Liposomes

The toxicity of liposomes and its drug-loaded types (LPD,
T{-LPD) was assessed via an MTT assay. As revealed in
Figure 3E, LPs and Tf-LP showed little toxicity to HepG2
cells at the tested concentration of 10-100pg/mL.
Subsequently, the enhanced targeting cytotoxicity was ver-
ified. In general, free DOX, LPD, and Tf-LPD reduced the
cell viability as the DOX concentration increased, and free
DOX exhibited the best anti-cancer efficiency. In the case
of LPD treatment, there was no significant difference
between the two groups (Figure 3F, p>0.05). In contrast,
in the case of Tf-LPD treatment, the cell viability of
HepG2 cells with AFP@Fth transfection was more

effectively inhibited than the untransfected group at con-
centrations of 2—4 pg/mL, which suggested that Tf mod-
ification endows liposomes with a greater anticancer
efficiency (Figure 3G). These results were consistent
with the assumptions and are validated further in the sub-
sequent experiments in vivo.

Western Blotting for Tumor Transfection
To further verify the targeting expression of Fth in AFP
positive HCC, the expression level of Fth in tumor models
was studied via Western blotting. As shown in Figure 4A,
the transfection induced a higher expression level of Fth
observed in tumor as compared to liver tissue. The quan-
titative data in Figure 4B also show that the expression
level of Fth in the 48 h-transfected tumor tissue was much
higher than that in 24 h-transfected and non-transfected
tumor tissues, which was in accordance with the results
obtained from Western blotting analysis of cells.

Targeting Distribution of Transferrin

Modified Particles in vivo

In vivo targeting ability of Tf-modified liposomes was
investigated by intravenously injecting the mice with ICG-
labeled Tf-LP (Tf-LP/ICG) or LP/ICG. After 24 h and 48
h of injection, the fluorescence images of major organs and
tumors were captured, followed by quantifying the fluor-
escence intensity of tumors. It was shown that the lipo-
somes were mainly accumulated in the liver and tumor.
The fluorescence signal of Tf-LP/ICG in tumors collected
in transfected mice was significantly stronger than that
obtained from transfected ones. Nevertheless, the tumors
of mice treated with LP/ICG showed no significant differ-
ences in fluorescence intensity, further verifying the
enhanced targeting ability of Tf-modified liposomes to
transfected AFP positive hepatoma carcinoma cells
(Figure 4C and D).

Anti-Tumor Effects

To confirm the enhanced therapeutic efficacy of Tf-LPD to
the transfected HepG2 cell subcutaneous hepatoma model,
the mice were randomly divided into 6 groups (Figure 5A)
and were administrated drugs every 5 days (Figure 5B) at
a single dose of 4 mg/Kg according to the mean weight of
each group via tail vein injection. Note that intratumor
injection transfection was performed two days before
treatment for the two transfection groups (Figure 5B). As
shown in Figure 5C, the saline group showed rapid tumor
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Figure 4 (A) Western blotting results of Ferritin expression in liver and tumor

untransfected group, n = 3). (C) Biodistribution of LP/ICG and Tf-LP/ICG. (D) Semi-

untransfected group, n = 3).

tissues. (B) The quantitative analysis of protein bands, (*p < 0.05 and **p < 0.01, vs
quantitative analysis of fluorescence intensity in tumors (**p < 0.0 and ***p < 0.001, vs

Abbreviations: LP/ICG, ICG loaded liposome; Tf-LP/ICG, transferrin modified ICG loaded liposome; ICG, indocyanine green.

growth, and the relative tumor volume multiplied 22.37-
fold within 25 days, while the administration of DOX-
loaded liposomes effectively inhibited tumor growth to
a certain extent. The transfected group treated with Tf-
LPD showed the highest efficiency in terms of inhibiting
tumor growth, which was even similar to that of free DOX
and was significantly more effective than Tf-LPD treat-
ment (the untransfected group, p<0.05).

The side effects were reflected by body weight fluctua-
tions during the treatment (Figure 5D). The body weights
of mice treated with free DOX were sharply decreased
during therapy, whereas no obvious body weight loss
was reflected in DOX loaded liposome groups, which
could be because the mice well-tolerated the LPD and Tf-
LPD.

Histological Analysis

The anti-tumor effect and side effects of different drugs on
important organs during drug administration were revealed
through H&E staining. The anti-tumor extent presented in
Figure 5E demonstrated that a multitude of tumor cells were
destroyed in the free DOX group and Tf-LPD (transfection

group). The H&E images showing the main organs of all
treatment groups are shown in Figure S2. No obvious differ-
ence was observed in these staining images among groups.
Many studies have reported that free DOX damages the myo-
cardium leading to myocardial rupture during in vivo treat-
ment, whereas no serious myocardial damage was observed in
all groups including the DOX group in our study, which may
be caused by the short administration period.*®

Conclusion

In summary, we confirmed the dual effects of early diag-
nosis of HCC at the molecular level and subsequent inten-
sive treatment via AFP@Fth transfection. AFP/Fth can be
specifically promoted in AFP-positive cells, such as
HepG2 cells. Consequently, T2WI intensity values are
significantly reduced, indicating the potential for early
diagnosis of HCC. Meanwhile, the upregulation of TfR
was verified and attracted a significantly increased amount
of Tf-LPD, which leads to a better targeting ability and
anti-tumor efficacy to transfected AFP positive hepatoma
carcinoma cells. Hence, the transfection of the AFP@Fth

gene allowed early diagnosis of HCC, and another
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Abbreviations: Tf-LPD, transferrin modified doxorubicin liposome; H&E, hematoxylin-eosin staining.

promising role that made Tf-LPD or other Tf functiona-
lized preparations to be a more efficient and safer
approach for subsequent treatment. In this study, the
early influence of AFP@Fth on subsequent anti-tumor
treatments was assessed by molecular imaging, which
provides new hints for molecular imaging diagnosis, and
the application of nanomedicine in antitumor therapy.
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