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Abstract
Purpose: To evaluate doxorubicin (DOX)-coated fluorescent 

diamonds particles FDP-NV-750nm (FDP-DOX) for its potential to serve 
for therapeutic and imaging of hepatocellular cancer (HCC) in BALB/c 
nude mice. 

Methods: Human liver cancer-cell line (Hep-3B-luc) was used to 
induce a subcutaneous tumor in the right auxiliary space of BALB/c 
‘nude’ mice.  HCC tumors’ progression was evaluated in vivo by caliper 
measurements vetted by MRI, and bioluminescence of Hep-3B-luc, 
generated by a single intravenous injection of luciferin. Bioluminescence 
was monitored extracorporeally by in vivo Imaging System (IVIS) at Ex/
Em of 680/740nm, respectively.  FDP-NV-750nm (+/- DOX) injected 
directly into tumors were monitored by NIR emanating from FDP-NV-750 
deposited in the tumor. Paraffin blocks of frozen tumors were preserved 
and sliced at 4-5 um for histological inspection. Immunohistochemistry 
is used for Alpha-FETO Protein (AFP), a standard biomarker of liver 
cancer cells. Liver macrophage cells were illustrated with monoclonal 
antibodies targeting CD68+. Hematoxylin/Eosin (H&E) and DAPI 
stained was used for cells’ nuclei in support of high-density quantitative 
cells counts. Light diffraction microscopy was used for validation of 
the location of FDP-NV-750nm deposited in tumors, and further on, 
fluorescence emission microscopy for NIR emission as proxy biomarker 
of FDP-NV. To confirm desorption of doxorubicin and formation of its 
metabolite, doxorubicinol, tumors were isolated and stored frozen. 
Doxorubicin and its metabolite doxorubicinol, were extracted at 
WuXiAppTec, chemical division, China. The chemotherapeutic “payload 
(DOX) and subjected to gas chromatography (GC) followed by mass 
spectrometry (MS/MS). Mice body weights and thriving behavior 
were inspected periodically by trained veterinarians according to FDA 
regulatory guidance. Bioluminescence generated by engineered Hep-
3B-luc cells was induced by injection of luciferin served as biomarker 
for cancer cells viability. Euthanasia was performed in mice cages using 
5% isoflurane in oxygen. Sorafenib impact on Hep-3B-luc was tested in 
vitro in the same Hep-3B-luc cells. 

Results: Each of the control groups displayed exponential growth of 
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tumors and no difference was found between vehicle control 
(PBS) and FDP-NV-750 (naive) groups. FDP-DOX treated 
tumors displayed modest mitigation of tumors’ growth; 
however, in combination with SOR (sorafenib, duplex 
treatment) significantly enhanced efficacy (tumor growth 
or bioluminescence) as compared to either of the control’s 
groups (p<0.0001, N=5). Bio-fluorescence generated by 
Hep-3B-luc cancer cells exposed to luciferin infusion was 
reduced by 53.8% by FDP-DOX treated mice (p<0.0001, 
N=8) Vs either of the controls). Doxorubicin was detected in 
each tumor (mouse) treated by FDP-DOX. 

Conclusion: The data presented in this manuscript 
strongly suggest that FDP-NV-750 nm coated by doxorubicin 
or in duplex with sorafenib (FDP-DOX-75ug/mg+sorafenib) 
might serve as a novel therapeutic modality for direct to 
tumors injections via Trans-arterial delivery.  Our data also 
suggest that higher doses delivered over extended time by 
repeated courses might gain higher efficacy in a duplex format 
and possibly could realize “overall survival” outcome, (which 
was not an objective of the present study but an ultimate 
goal for future development). Our data is the first in its kind 
to demonstrate that a non-nano diamond particle carrying 
chemotherapeutics (DOX) enhances efficacy while omitting 
embolectomy altogether.  FDP-DOX-DOX+SOR is envisioned 
to deliver synergy as well illumination of the locoregional 
(NIR) pathology zone and assess pharmacodynamics 
benefits via extracorporeal imaging (theragnostic) at the 
locoregional pathology.   

Keywords: Intermedial HCC, Theragnostic, Subcutaneous 
liver tumor model, BALB/c2 nude mice, Trans-arterial 
embolectomy (TAE), Doxorubicin/doxorubicinol, Sorafenib, 
Trans-arterial Chemo-Embolectomy (TACE), Mass 
spectroscopy.

Introduction
Primary hepatocellular cancers (HCC) are the most 

common malignant liver tumors and one of the most lethal 
malignancies worldwide, marked at 830,000 deaths annually 
[1–4]. The incidence of HCC in the USA women population 
was at 2.38 per 100,000 in 2001 rising to 3.9 in 2020, while 
men have registered at 7.32 to 9.82, respectively. In the 
USA, HCC is a rare disease where over 42,000 new cases 
are diagnosed annually and is one of the fastest growing 
malignancies in terms of cancer-related mortality [5]. Within 
the pediatric population, HCC is approximately 0.50%-
0.60% of all childhood tumors, registered by the FDA as an 
orphan disease [6-9]. 

Intermediary HCC (i-HCC) poses special challenges due 
to presence of multiples tumors at time of diagnosis as well 
as external metastasis to the liver per se. Hence, options 
that serve earlier stages of HCC (e.g., liver transplantation, 
segmental resections) are likely to be denied in favor of 
chemotherapeutics delivered under guidance (e.g. MRI), 
aimed for the putative locoregional zone (LRT).

Over the past 2-3 decades, a myriad of treatments’ 
regimens for i-HCC were probed by various putative 
carriers delivered by TAE (Trans-arterial embolectomy), 
supplemented by trans-arterial chemo-embolectomy 

(TACE) combinations yielding modest efficacies termed 
“Progression free survival”, yet rarely reaching “overall 
survival” (OS) vetted by CRT (controlled randomized trials) 
[9-12]. With respect to embolectomy, a non-specific, “passive” 
treatment, introduced to deprive the locoregional tumors of 
oxygen and essential nutrients thereby sensitizing cancer 
cells to chemotherapeutics agents. However, due to lack of 
specificity, normal liver cells and other cellular elements are 
at risk [13,14]. The most frequent complications following 
hepatic angio-embolization include hepatic necrosis 
(15%), abscess formation (7.5%) cholangial damage, and 
pancreatitis (a severe complication and risk of death). 
Moreover, embolectomy on its own may not contribute 
significantly to efficacy without TACE; Likewise, there is 
no firm evidence to support or refute advantages of either 
TACE or TAE with respect to efficacy [9-11]. Furthermore, 
contrast materials and viscous solubilizing fluids (e.g., 
Lipiodol) confound chemotherapy by perturbation of blood 
hemodynamics, hemostatic and kidney malfunctions [7,15-
19]. Overall, contemporary practices for i-HCC management 
manifest modest and transient efficacy leaving significant 
residual unmet burden of disease [19].

Over the past 8 years, Debina diagnostics Inc., (DDI) has 
been engaged in research aimed at enhancing efficacy and 
safety of TAE and TACE treatments for i-HCC. Our efforts 
focus on the development of drug carriers not used to 
date and abstain from embolectomy, thereby eliminating 
major, severe safety risks, while preserving and enhancing 
efficacy [20-22]. Our quest for optimization of carrier’s rest 
on large peer-reviewed reports by leading experts in the 
nanodiamonds space at large [23-29]. These, continued 
contributors drew attention to the value of fluorescent 
diamonds (FD) with respect to high biocompatibility, 
safety, lending prospect for a theragnostic component 
based on extra-corporeal NIR imaging as a biomarker for 
pharmacodynamic consequences.

The scientific community does not seem to be interested 
in sub-micron FDP-NV-750nm to be developed as a 
superior carrier of cancer therapeutics for I-HCC [31,32]. 
The choice of FDP-NV-750nm as a preferred carrier 
based on vetted biocompatibility of FDP in in vitro (liver 
cancer cells) and in vivo (rodents, non-human primates) 
along multiple peer-reviewed publications that strongly 
support this notion [31-36]. Thus, we characterized FDP-
NV-750nm pharmacokinetic, ADME (distribution) and 
safety biomarkers, organs integrity and functions (e.g., 
liver functions tests) [34,35]. Furthermore, acute (5 days), 
subacute (14 days) and prolonged (12 weeks) studies using 
high doses exposures were sponsored with a CRO known 
for toxicological services and cancer drug development. 
Also, the selected carrier, FDP-NV-750nm, was chosen 
for its robust, stable and durable fluorescence emission in 
marked contrast to NANO-FDP particles (<1-100nm) that do 
not generate sufficient emission for whole body imaging by 
extracorporeal imaging technology.  Furthermore, ligation 
(covalent) and coating with chemotherapeutic agents have 
been tested in vitro using human liver cancer cells (Hep-G2 
and Hep-3B), and confirmed to be up taken and accumulated 
in liver cancer cell-lines in vitro but spare the nuclei [34].  The 
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scale and scope of this data are collated in references [31-
36]. In summary, our data, along with external, public data, 
suggest that FDP-NV-750nm is likely to qualify to serve the 
development of next generation I - HCC treatments. 

To affirm this postulation, we pioneered an orthotopic 
liver xenograft model (mice) and demonstrated strong 
efficacy in mitigation tumors growth by pre-treatment with 
FDP-NV-750-DOX-75 [37,38]. 

The objectives of the present manuscript were set to 
validate the suitability of FDP-NV-750 nm to serve as an 
optimized carrier for chemotherapeutics, that are intended 
to be delivered via trans-arterial procedures, without 
embolectomy. Specifically: A. Suitability of sub-micron 
diamonds to carry chemotherapeutic agents via direct tumor 
injection. B. validate desorption of the ‘payload’ (e.g., DOX) 
by direct chemical identity of the carried treatment (DOX) 
in the tumor; C. verify the pharmacodynamic consequence 
to DOX desorption, manifested by significant attenuation of 
tumor growth. D. Lack of severe adverse effects based on 
animals thriving as a whole and biochemical biomarker such 
as liver function tests. E. Explore possible synergy with FDP-
DOX by association with non-redundant chemotherapeutic 
(e.g., SOR). 

The choice of the chemotherapeutic agent, Doxorubicin, 
as a primary FDP-bound ligand is based on vast experience 
with Doxorubicin therapeutic utility in preclinical studies and 
patients diagnosed with I – HCC [39]. Doxorubicin and several 
anthracyclines hold medical positions as single or adjuvants 
in multi-regimens of chemotherapeutics combinations. 
More recently, DOX is delivered by a variety of drug-eluting 
spheres (DES) and liposome-entrapped Doxorubicin, 
registered by FDA in 2015 under Doxil®.) [35,39-44]. The 
latter formulation, Doxil®, has reduced systemic adverse 
effects but pharmacokinetics disadvantages (e.g., fragility of 
liposome carrier), systemic organ distribution and liability 
of aberrant immune-reactions, including complement 
activation, anaphylactic reaction and immune reactions 
[42,45]. Hence, we endeavored duplex treatment regimen of 
non-redundant chemotherapeutic agents such as FDP-NV-
DOX+SORAFENIB delivered in tandem.  

With respect to the carrier, FDP-NV are known for high 
biocompatibility, limited systemic distribution and durability 
that secures slow release of diverse chemotherapeutics [49-
54]. FDP-NV-750nm generates very bright and stable NIR 
emission, which unlike nanodiamonds particles could serve 
localization of the particles and images of pharmacodynamic 
consequences post FDP-DOX treatment. Furthermore, we 
postulate that prolonged residency of deposited particles, 
and slow desorption of the coating, (e.g., DOX) might prolong 
the chemotherapeutic impact. 

Material and Methods
Diamond Particles acquisition and characterization

FDP-DOX-75 was manufactured by ADAMAS where 
the Z-average and zeta-potential of FDP-NV and FDP-DOX 
were assessed by Malvern as previously reported [22-24]. 
The Z-average and zeta-potential were studied at N=3 as 

follows: FDP-DOX-75, Z-average at 755+/-3.5 (SD, and 
standard error of the mean (Sem) of 2.07 +/- 0.22 mV. The 
zeta potential of FDP-DOX-75 was minus 21.2 +/- 0.11 
mV SD (or 0.11 Sem). Since FDP-DOX-75 was suspended 
in 3 % BSA (bovine serum albumin), a negatively charged 
protein, the coated particles retained a negative (21mV) 
post-coating, as compared to a positive surface charge when 
particles are suspended in PBS. suspension in PBS) FDP-NV-
750nm (FDP-NV) were functionalized at the manufacturer 
(Raleigh, NC, USA). Coating ligands of protonated chemical 
moieties (e.g., primary nitrogen) onto the negative charge of 
FDP-750 surface. Doxorubicin was purchased from MedKoo 
Biosciences, (Morrisville, NC, USA). The coating process and 
desorption profile (conducted by the supplier) have been 
detailed in our recent publications The FDP-DOX-75 µg/
mg, was delivered in autoclaved Eppendorf vials at 0.1 mg/
mL of deionized water. FDP-DOX were provided in various 
DOX coatings up to FDP-DOX-75 µg/mg particles. Particles 
were sterilized at the manufacturer and suspended in sterile 
deionized water in sterile plastic Eppendorf tubes. Z-average 
and surface charges/potential of FDP-NV-750 nm before and 
after coating with doxorubicin. 

Dispersion of particles by sonication prior to 
infusion to animals 

Due to the innate tendency of FDP-NV-750nm (FDP-NV) 
for agglomeration in electrolyte solutions (normal saline, 
PBS pH=7.4) all suspensions of particles were subjected to 
vortex mixing followed by sonication. To facilitate dispersion, 
BSA at 3% was added to PBS pH=7.4 and the suspension 
was subjected to high vortex stirring for 3 min followed by 
sonication in a water bath for 10–15 minutes using a Digital 
ultrasonic cleaner machine (Kq-50TDB, Kunshan Ultrasonic 
Instrument Co Ltd, Jiangsu, China) at 150 W and a frequency 
of 80 kHz while maintaining water temperature in the 
range of 20–25°C; an example of particles dispersion after 
sonication is provided in reference [35,39]. 

Human liver cancer-cells: acquisition and 
application. 

Hep-3B-luc human liver cancer cells were obtained from 
WuXiAppTec (Shanghai, China). Cells were kept in medium 
supplemented with 10% fetal bovine serum at 37°C with 5% 
CO2 in air. Hep-3B-luc tumor cells were sub-cultured twice 
weekly, during the exponential growth phase, and harvested 
for tumor inoculation at 3x106 cells per mouse. Cells were 
inoculated into the right auxiliary subcutaneous space under 
adequate anesthesia. Tumors growths were monitored by 
palpation and a caliper device. Periodic Bioluminescence 
was tracked following intravenous injection of luciferin 
suspension.

In vivo mice studies
BALB/C2 ‘nude’ mice acquisition, husbandry and 

auxiliary subcutaneous Hep-3B-luc tumor model

Female BALB/c ‘nude’ mice (20–22 g, 6–8 weeks old) 
were purchased from Beijing Vital River Laboratory Animal 
Co Ltd for use at WuXiAppTec facilities (Shanghai, China). 
All in vivo protocols exercised at WuXiAppTec (shanghai, 
China) and performed under accredited procedures as per 
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Chinese Regulatory Agency and according to IACUC, are 
in line with US FDA guidelines. Subcutaneous liver cancer 
model (Hep3B-luc) was established by injecting 3x106 Hep-
3B-luc cells suspended in twenty µL Matrigel (1:1/w: w) 
into the axillary space of BALB/c “nude” mice, under proper 
anesthesia. Luciferin challenges by intravenous injections 
elicted robust images for bioluminescence monitored by 
IVIS (in Vivo Imaging System) performed as described in our 
previous report [39].

Luciferin induced bioluminescence of Hep-3B-luc 
tumors in BALB/c “NUDE” mice

BALB/c ‘Nude’ mice inoculated with Hep-3B-luc cells 
were administered intravenously with luciferin suspension 
via tail vein at a dose of 150 mg/kg. Five to ten minutes 
after injection of luciferin, the animals were lightly 
anesthetized by inhalation of 2% isoflurane in air. Upon 
proper anesthetic state, mice were transferred into IVIS 
imaging chamber for bioluminescence measurements using 
the Lumina III (PerkinElmer, Inc., Waltham, USA) imaging 
system. Bioluminescence signals were collected 15 min after 
injection of luciferin (at peak) was as the maximum value.  

Ex vivo monitoring of tumor bioluminescence and 
FDP NIR fluorescence in DOX-treated mice for 
tumor imaging.

Injections of FDP-NV-750 nm and FDP-750-DOX into 
isolated tumors and ancillary organs was measured by 
IVIS Lumina III (PerkinElmer, Inc., California USA) using 
Ex/Em setting at 580 nm and 720 nm respectively, with 
auto-exposure setting time and ‘binning’ set at 4. All ex vivo 
images of organs were performed following dissection at the 
termination day of the protocol. The whole-body perfusion 
of the mice was performed under deep anesthesia by cardiac 
puncture using sterile normal saline.

Euthanasia of mice by pre-determined unbiased 
thriving criterion

Euthanasia was induced in accordance with WuXi 
humane guidelines to avoid painful or stressful conditions. 
Mice were placed in a chamber ventilated with at least 95% 
CO2 and maintained at 2.7 L/min to 6.3 L/min throughout.  At 
the point of complete cessation of motor activity, breathing, 
and complete unconsciousness, a cardiac puncture was 
performed to commence organs perfusion with 10 mL of 
sterile, isotonic saline and remove residual blood in the 
vasculature of the animal.  Organs were preserved in 4.5% 
buffered formaldehyde.  

Monitoring liver biomarkers in FDP-DOX treated 
mice.

Arterial blood was withdrawn by cardiac puncture under 
proper anesthesia (5% isoflurane) and collected into anti-
coagulant-containing syringes (EDTA). Liver functions tests 
(LFT) and normal hematological variables (data not shown) 
were processed using standard clinical biochemistry 
methods.

Doxorubicin/Doxorubicinol extraction from 
tumors exposed to FDP-DOX

Total Doxorubicin was extracted from whole tumors 
immediately after euthanasia.  FDP-DOX treated mice 
were analyzed using ultra high-performance liquid 
chromatography coupled to tandem mass spectrometry 
(UPLC-MS/MS). Tumor tissue was homogenized with 9 
volumes (w:v) of homogenizing solution (1*PBS buffer). An 
aliquot of 60 µL was taken from the calibration standard 
for quality control. A single blank, and double blank sample 
were added to 1.5 mL tube, respectively. All samples were 
spiked with equal volume of 1% HCl in water and mixed 
well. All samples were incubated at 37℃ for 7h. Each sample 
(except the double blank) was quenched with 300 µL of 100 
ng/mL Labetalol & amp; tolbutamide & amp; Verapamil & 
amp, dexamethasone & amp; glyburide & amp; Celecoxib 
in MeOH with 1% HCl respectively. Double blank sample 
was quenched with 300 µL of MeOH with 1% HCl), followed 
by vortex mixing over 15 sec and centrifuged for 15 min 
at 12000 × g, at 4℃. An aliquot of 50 µL supernatant was 
transferred to a new 96-well plate and centrifuged for 5 min 
at 3220 × g, 4℃.  Then, the supernatant was directly injected 
for LC-MS/MS analysis.

LC-MS/MS was performed by ACQUITY UPLC System with 
an ACQUITYUPLC HSS T3 1.8 μm 2.1 × 50 mm column and a 
Triple Quad 6500 plus mass spectrometer. Retention time, 
plotting of the chromatograms and peak area integrations 
and calculations were carried out by using Multi-Quant 
(Sciex, Version 3.0.3, Framingham, Massachusetts, USA).

Analytical methods
Free Doxorubicin, total Doxorubicin and Doxorubicinol 

extracted from tumors ex vivo was analyzed using ultra high-
performance liquid chromatography coupled to tandem mass 
spectrometry (UPLC-MS/MS). The tissue was homogenized 
with 9 volumes (W:V) of homogenizing solution (1*PBS 
buffer). An aliquot of unknown sample, calibration standard, 
quality control, single blank, and double blank sample were 
added to the 1.5 mL tube, respectively. Each sample (except 
the double blank) was quenched with precipitant containing 
internal standards respectively (Labetalol & tolbutamide & 
Verapamil & dexamethasone & glyburide & Celecoxib). For 
free Doxorubicin, 40 µL sample was quenched with 200 µL 
of ACN; For total Doxorubicin, 60 µL sample was added with 
equal volume of 1% HCl in water, mixed well, incubated at 
37℃ for 7h, then quenched with 300 µL of MeOH with 1% 
HCl. 

For Doxorubicinol, 100 µL sample was quenched with 
400 µL MeOH; Double blank sample was quenched with 
precipitant without internal standards. 

The mixture was vortex-mixed (at least 15 s) and 
centrifuged for 15 min at 12000 × g, 4 °C. An aliquot of 50 µL 
supernatant was transferred to 96-well plate and centrifuged 
for 5 min at 3220 × g, 4 °C, then the supernatant was directly 
injected for LC-MS/MS analysis. The whole process for free 
Doxorubicin was done on wet ice.

LC-MS/MS was performed on a ACQUITY UPLC System 
with a ACQUITY UPLC HSS T3 1.8 μm 2.1 × 50 mm column and 
a Triple Quad 6500 plus mass spectrometer. Retention time, 
plotting of the chromatograms and peak area integrations 
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and calculations were carried out by using Multi-Quant 
(Sciex, Version 3.0.3, Framingham, Massachusetts, USA).

Extraction and assay of total doxorubicinol
Doxorubicinol was analyzed using ultra high-

performance liquid chromatography coupled to tandem mass 
spectrometry (UPLC-MS/MS). Tissue was homogenized with 
9 volumes (w:v) of homogenizing solution (1*PBS buffer). 
An aliquot of 100 µL from the unknown sample, calibration 
standard, single blank, and double blank sample were added 
to the 1.5 mL tube respectively. Each sample (except the 
double blank) was quenched with 400 µL of 100 ng/mL 
Labetalol & amp; tolbutamide & amp; Verapamil & amp; 
dexamethasone &amp; glyburide &amp; Celecoxib in MeOH 
(double blank sample was quenched with 400 µL of MeOH), 
and then the mixture was vortex-mixed well (at least 15 sec) 
and centrifuged for 15 min at 12000 × g, 4 °C. An aliquot of 
50 µL supernatant was transferred to the 96-well plate and 
centrifuged for 5 min at 3220 × g, 4 °C, then the supernatant 
was directly injected for LC-MS/MS analysis.

LC-MS/MS was performed by using an ACQUITY UPLC 
System with ACQUITY UPLC HSS T3 1.8 μm 2.1 × 50 mm 
column and a Triple Quad 6500 plus mass spectrometer. 
Retention time, plotting of the chromatograms and peak 
area integrations and calculations were carried out by 
using MultiQuant (Sciex, Version 3.0.3, Framingham, 
Massachusetts, USA).

Histology, histochemistry and fluorescence 
microscopy 

Preparation of slices: Paraffin preserved blocks 
were - sectioned at 4-5 µm by a manual rotary microtome 
(Histoscore ‘Multicut’, Leica GmbH, Wentzler, Germany).

H&E and DAPI staining: Slices were exposed to 60°C 
for 1 hour for complete dewaxing following which, the 
specimens were transferred to Tissue-Tek Prisma® Plus 
auto stain (Sakura Fintech, Torrance, CA, USA) Stained 
slides were scanned with panoramic digital slide scanners 
(panoramic SCAN, 3DHISTECH Kit, Budapest, Hungary). An 
expert of liver pathologist evaluated high-resolution images.

AFP (Alpha-Feto protein) immunohistochemistry: 
Slides were scanned with panoramic digital slide scanners 
(panoramic Scan, 3D HISTECH Kft, Budapest, Hungary) 
under filters. High-resolution imaging for whole sections 
was generated and analyzed. For additional technical details, 
see references [21-23].

Liver Phagocytic cells, CD68+ immunohistochemistry: 
CD68 (macrosialin) is a heavily glycosylated transmembrane 
protein that is commonly used as a marker for monocytes 
and macrophages. We used CD68+ as a biomarker to locate 
macrophages in this study.  Slides were exposed to 60℃ 
for an hour to dewax and then transferred to Bond RX auto 
Stainer (Leica GmbH, Wetzlar, Deutschland) for IHC staining. 
The primary antibody used for IHC is anti-CD68+ (CST 
#97778). Macrosialin, a macrophage-restricted membrane 
sialoprotein differentially glycosylated in response to 
inflammatory stimuli [47]. 

Pharmacokinetics and Pharmacodynamic of 

Sorafenib in in vitro system of Hep-3B-luc liver cancer 
using Alamar Blue as indicator of cell viability

Cells were seeded on the 96-well plate at density 1 x 10 
4 per well in complete growing medium (EMEM containing 
10% FBS). Cells were allowed to attach overnight at 37℃ in 
5% CO 2 atmosphere, and medium was exchanged serum-
free in volume 150 ml per well. Cells were incubated at 37℃ 
in 5% CO2 atmosphere for 24, 48 and 72 hours. Medium was 
removed and cells were washed once with 200 ml of FBS-
free DMEM. Alamar Blue (Thermo-Fisher) was diluted 1:10 
with FBS-free medium and added to the wells in volume 
100 ml. Plates were incubated for 1 hour at 37℃ in 5% CO2 
atmosphere and read using florescence microplate reader 
(Tecan) with 540 nm Ex and 590 Em wave lengths.

Imaging technology
All images were scanned at 40x magnification (panoramic 

SCAN, 3DHISTECH Kft, Budapest, Hungary), Hematoxylin 
and Eosin (H&E) images were generated at bright field and 
fluorescence images were generated with DAPI (Ex/Em= 
377/447) for nuclei imaging, SpGr-B (Ex / Em=494/527), 
while DOX and SpRed (Ex/Em=586/628) for FDP-NV. All 
images were obtained with Case Viewer V2.4 (3DHISTECH 
Kft, Budapest, Hungary). All H&E images were analyzed 
using the HALOTM platform (Indica Labs, Albuquerque, NM, 
USA).

Tumor area evaluation 
The tumor area distinguished by H&E staining was easily 

differentiated from liver cells zones (using the Annotations 
model in HALO). The tumor area was calculated using 
software, which included, in addition to tumor cells, hollow 
zones, necrosis, and stroma.

Tumor cell evaluation was performed using hollow, 
necrosis, and stromal classifier tumor cells based on staining 
differences (with Classifiers model in HALO). The tumor cell 
area was calculated by software, for tumor cells only.

Tumor cell counts: Cells were identified by nuclei using 
the Cytonuclear model in HALO and the model was run on 
the tumor cell area obtained above; tumor cell counts were 
calculated by software. Data were imported into GraphPad 
Prism (GraphPad Software, San Diego, CA, USA) from which 
the bar graph was generated including error lines that 
represent standard error of the mean (Sem) based on n=5 
for each of the three variables in (***) P < 0.001 calculated by 

Alfa-Fetoprotein and immunohistochemistry
Alfa-Fetoprotein (AFT) is an oncofetal liver antigen 

that is normally produced transiently by the fetal liver, but 
ceases expression in adults when the immune system is fully 
developed [39]. AFP is commonly used as a biomarker to 
monitor treatment outcome in patients with HCC [44,45]. 
Because Hep-3B-luc are known to express AFT, we used 
this protein as a biomarker to differentiate tumor cells from 
hepatocytes, immune cells (macrophages and other cells of 
the tumor microenvironment. 

Liver slices 4-µm-thick were sectioned by Leica RM2235 
Manual Rotary Microtome (Leica Microsystems GmbH, 
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Germany), then deparaffinized/rehydrated by sequential 
washing (Xylene, ~100–75% Ethanol and PBS). After 
antigen retrieval by the microwave heating in EDTA buffer 
(MVS-0098, MXB Biotechnologies, Foochow, China) and 
peroxidase quenching in 3% hydrogen peroxide for 5 min, 
the slides were blocked by blocking buffer (SP KIT-B2, 
MXB Biotechnologies, Foochow, China) and stained using 
primary Anti-alpha 1 fetoprotein antibody (Anti-AFP, 
#284388, Abcam) at 1:50 dilution in antibody dilution buffer 
(#AR9352, Leica) overnight at 4 °C using the Opal 7-Color 
Automation IHC Kit 50 (NEL821001KT, PerkinElmer, USA). 
Subsequently, the DAPI stained slides were mounted with 
Prolong Diamond Antifade mounting (P36961, Invitrogen) 
and scanned with Aperio Versa 8 (Leica Microsystems 
GmbH, Germany).

Data presentation, analysis, and statistics
Data are presented as mean ±1 SD or standard error of 

the mean (SEM) as indicated in the figure legends. Statistical 
analyses were performed by ANOVA, using SigmaPlot software 
(SigmaPlot® 12 SPSS, Systat Software Inc., San Jose, CA, 
USA). Statistical significance was established at P< 0.05. Plots 
were prepared using SigmaPlot software. For the nonlinear 
regression dynamic fitting plot, the standard four-parameter 
logistic curve was drafted using SigmaPlot software. A mixed 
model ANOVA on log transformed luminescence was performed 
for the analysis of tumor bioluminescence assessed by whole 
body luminescence. Treatment and time were analyzed as 
fixed effects, and interaction was also included. Animals were 
considered a random effect nested within treatment and 
analyzed using the REML method to account for the repeated 
measures. Three samples registered a luminescence far below 
other samples and were excluded from the analysis. The 
residuals appeared normal and uncorrelated, with Shapiro–
Wilk and Anderson–Darling p > 0.3. ANOVA and all fixed effects 
were significant with P <0.0001. Test slices of the interaction 
were used to assess the time dependence of the treatment and 
control groups. For specific time point comparisons, Tukey 
HSD post hoc was used with α = 0.01.

Results
Effect of FDP-DOX injected directly into 
subcutaneous Hep-3B-luc tumors on growth 
kinetics throughout 52 days 

Table 1 provides general, high-level information on 
the experimental groups that were studied, suspensions 
prepared for injections and scheduled for injections. 
Tables 2 presents the systematic protocol of treatments 
and measurements for all groups studied. Table 3 presents 
dosing information and timelines for Sorafenib. Figures 
1,2,3,4, and 5 display the kinetics of tumor growth for each 
of the treatments up to 52 days.  Figure 3 and 4 analyzed 
the kinetic of tumors’ growth subjected to FDP-DOX Vs 
the 2 controls (vehicle and bare FDP-NV). A statistically 
significant difference and power (N) between treated (FDP-
DOX) and controls is provided by the insert in each group 
figure. Figure 3 informs FDP-DOX effect on rate change by 
direct volume measurement and by calculation of percent 
change.  The 2 control groups displayed tight similarity, 
reaching significantly larger volume over that of FDP-DOX 
treated group. This data was also analyzed by a percentage 
change of tumors growth between treated (FDP-DOX) and 
fits the direct volume measurements. It is important to note 
that by day 52, the FDP-DOX treated group exceeded 53% 
reduction in its volume over the joint control groups. 

Effects of FDP-DOX injected directly into 
subcutaneous tumors on bioluminescence of Hep-
3B-luc cells measured by fluorescein emitted bio-
fluorescence

Hep-3B-luc cells implanted subcutaneously are featured 
with luciferase genes. These cells express luciferase, an 
enzyme that activates fluorescence upon electro-magnetic 
radiation. Therefore, upon systemic injection of the luciferin, 
fluorescence could serve as a proxy to the overall mass of 
viable Hep-3B-luc. Figure 4 presents the effects of FDP-
DOX on viable Hep-3B-luc exposed to luciferin. Tumors of 
the control groups preserve their mass of viable Hep-3B-luc 

Days
Treatment

MeasurementVehicle, i.t. FDP-NV, i.t. FDP-DOX, i.t.

17 20μL 20μg 20μg
18
20 40μL 120μg 120μg
24 60μL 180μg 180μg
27 60μL 180μg 180μg
31 70μL 210μg 210μg
34 80μL 240μg 240μg
35
38
39 80μL 240μg
40
41 80μL 240μg
43 80μL 240μg
44
45
49
52

Tumor Volume
Bioluminescence 
Fluorescence

Table 1: Summarizes schedule of treatments with FDP-DOX, Vs 2 different controls: vehicle and FDP-NV “naiive” as compared to FDP-DOX. The timing of 
injections (day) is displayed in the left column; the dose (volume, µL) were compared to control group and FDP-DOX.  The latter treatment was delivered in a 
suspension of PBS containing 3% BSA and injected directed into tumor after brisk vortex.
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Days

Treatment

MeasurementVehicle, i.t. FDP-DOX, 
i.t. Sorafenib, i.t.

FDP-DOX, i.t. +

Sorafenib, i.t.

17 20μL 20μg 20μg
18 0.3μM 0.3μM
20 40μL 120μg 120μg 0.6μM
24 60μL 180μg 180μg 1.2μM
27 60μL 180μg 180μg 4.8μM
31 70μL 210μg 210μg 0.6μM
34 80μL 240μg 240μg
35 30mg/Kg 30mg/Kg
38
39 240μg 240μg
40 72mg/Kg 72mg/Kg
41
43 240μg
44

Table 2: This table provides the same parameters but in an extended elaboration of the protocol and one difference: sorafenib treatments alone was added and the 
combination of FDP-DOX and sorafenib injected in tandem at the doses and times (days) listed in column 1. 

Tumors were established by subcutaneously injecting Hep3B-Luc cells into the flank of female Balb/c2 nude mice. The date of injection was noted as Day 0, and 
tumor size was measured periodically in two dimensions using a caliper. On Day 17, the tumor bearing animals were randomized by tumor volume and the treatment 
started. Table 2), described the same parameters of FDP-DOX and FDP-DOX combined with Sorafenib injections in tandem to FDP-DOX (via separate injections 
spaced 24-48 hours) following FDP-DOX treatment. Injection volume and amount of the carrier are detailed in table 3, and the date of measurement were marked 
as color blocks (violet, for tumor volume; blue, for bioluminescence and pink for fluorescence). Thriving, assessed by whole body weight, (pink box) with 20% 
reduction used as trigger for euthanasia as per regulatory requirement.

Date D18 D20 D24 D27 D31 D35 D40
Volume 3% Tumor volume 50μL 60μL
Dosage 0.3μM 0.6μM 1.2μM 4.8μM 19.2μM 30mg/kg 72mg/kg
Concentration 0.05μg/μL 0.09μg/μL 0.19μg/μL 0.74μg/μL 2.97μg/μL 12μg/μL 24μg/μL
Dosage: start from 0.3μM in tumor, and duplicate in each next injection. The final 2 doses were 30 and 72mg/kg.

Table 3: Provides parameters of sorafenib (SOR) injection as a single chemotherapeutic commencing on day 18 post inoculation and followed up to day 40. SOR 
suspension was delivered in suspension.  

 

77.7  % 

Figure 1: Effect of FDP-DOX on Hep-3B-luc tumors growth in auxiliary space of BALB/c nude mice. Asterisks in the table insert provide statistical significance 
for the respective p-values listed in the table. 
Data presents changes in tumors’ volume progression calculated by caliper methods. No statistical differences were established between the 2 controls. FDP-
DOX treated mice (figure 1) present modest growth retardation presented in the box of 23% of the controls. The calculation of the differential between treated 
and controls was done by calculating the ratio of top growth of the treated group by top growth of the merged controls and multiplied by 100%.    
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67. 7% 

Figure 2: Figure 2 follows the design of figure 1 for validation. Tumor growth of the FDP-DOX treated group displays 23 % of the merged control calculated 
as described vide supra. expressed as a percentage of changes of tumor volume throughout the duration of growth. Merged control line (pink) represents 
summation of the 2 controls (black line, PBS) and FDP-DOX (blue line) (FDP free of DOX). The percentage of reduction of tumor volume for day 52 between 
merged control and FDP-DOX treated was somewhat lower values- 27.5%.

 

40 % 47 % 

Figure 3: presents the effect of FDP-DOX on tumor biolumnescence of the Hep-3B-luc monitored by luciferin injection.The differential bioluminescence 
between the FDP-DOX and vehicle contol or the merged control Vs the FDP-DOX treatment are provided vide infra. Statistical analysis indicate similar 
differential whether vehicle control or merged control.
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34.7 % 32.1 % 

Figure 4: Figure 4 tested the efficacy of ADP-DOX in attenuation of tumor growth measured by bioluminescence of hep-3B-luc cancer cells charged with 
luciferin. The impact of FDP-DOX is virtually the same whether Vs vehicle control or merged control. The 2 controls display a minor difference but not a 
statistical significance. The power of each group is displayed in color coded line left to the insert.  

 

40 % 35.7 % 34.7 % 

Figure 5: Effect of FDP-DOX on tumor growth in experimental subcutaneous BALB/c nude mice carrying Hep-3B-luc (human hepatocellular carcinoma) 
inoculated into an axial space of immune impaired mice. Tumor growth is presented as a percent change from baseline bioluminescence used as a proxy” 
for tumor growth.  All treatments were compared to vehicle control (black line, table insert) where 3 mice have been collated.   Percent change from first 
bioluminescence (base line) and three repeats thereafter monitored at N=3 as illustrated by color coded lines.  Statistical differences between treated and 
controls are presented in the inserted table on days 31 and day 38; the latter include statistical significance at powers listed for each group. Bioluminescence 
was monitored by IVIS as described in the method section. Asterisks displayed in the inserted table represent statistical significance for each of the treated 
groups.  The percentage of biofluorescence for day 38 between control and FDP-DOX reached 53.8% at p<0.0052-0.0001.
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750 

Figure 6: Whole body images by IVIS which illustrate the tumors growth in the three groups: vehicle controls, FDP-NV-750 (controls), and FDP-DOX treated 
of tumors. Vehicle controls exhibit robust and steady growth of tumors (pink box,) the FDP-NV naïve (yellow box) and FDP-DOX treated (black box). The 
pink and yellow boxes illustrate the expected growth pattern of the Hep-3B-luc tumors. The FDP-DOX (black box) provides clear visible retardation of tumors 
growth albeit in various extents. In particular, tumors in the black box, and in particular tumor #58-1 and more so, #58-3, (shown in brown frames) present 
complete arrest of tumor growth. which commenced on day 38 (of the designated D 52).

 

Figure 7: representation of efficacy of each treatment with respect to the biomarkers of tumor percent of cells proliferation and/or bioluminescence of Hep-
3B-luc cancer cells.
TV= tumor volume; BL=bioluminescence.
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cells yet over 53% of the emission is lost in FDP-DOX treated 
mice. Thus, the efficacy of FDP-DOX in reducing mass of 
tumors’ cells serves an independent biomarker of treatment 
efficacy. Statistical analysis provides high significance as 
presented in the insert of figure 4.

Whole body imaging of mice inoculated by Hep3B-
luc to afford direct visual inspection of tumor 
growth kinetics over 44 days (Figure 6).

Three groups have been studied:1) vehicle control group 
(N=5), 2) FDP-NV-750 (N=3, no DOX coated) and FDP-DOX 
treated (N=5). Control group displayed steady growth 
of tumors and so also FDP-NV-750 (barren). FDP-DOX 
treated tumors show more diversity with regard to size of 
fluorescence; the control group display strong fluorescence 
and tumor perimeter and so also the naïve FDP-NV-750; In 
marked contrast, FDP-DOX treated tumors were invariably 
smaller: mice number 1 and 3 show complete arrest of 
tumors’ progression already at day 31 and further on to 
almost growth arrested. Mice 2 and 4 are also visually 
smaller up to day 52. Only one tumor, number # 4, reached 
a size comparable to the control (see framed illustration in 
figure 6; the reason for this outstanding data has not been 
investigated as it is nor core issue to the study objectives. 
Verification of the presence of FDP-NV-750 injected into the 
tumors of mice inoculated with Hep-3B-luc and injected FDP-
DOX, were needed to ensure that mice that did not get the 
injection do not display NIR within the tumor and therefore 
qualify for exclusion while NIR emission from a tumor 
serves as an unequivocal inclusion to the group injected 
FDP-DOX. Yet all mice bearing tumors that were injected 
with the FDP-DOX could be verified by NIR emission and 
qualify as an inclusion and attesting to successful injection 

of FDP-DOX. It is of interest to note that mouse number 3 
in the FDP-DOX treated group (see purple box in figure 
7) displays exceptional strong NIR emission suggesting 
possible overdose; this is in line with the observation that 
mouse 3 in FDP-DOX group has shown early impact of the 
treatment and virtually complete annihilation of the tumor 
by day 52.

Detection of doxorubicin and its metabolite, 
doxorubicinol, in tumors subjected to FDP-DOX 
injections

Prolog:  Identification of DOX in tumors following 
FDP-NV-DOX direct to tumor injection is an essential part 
for probing desorption of the chemotherapeutics into 
the tumor; It virtually serves as a “gate” step for further 
investment in the development of the program. Therefore, 
we have contracted with an experienced and reputable CRO 
(Contract Research Organization) known for conducting 
sophisticated chemistry analyses. Table 4 provides detailed 
actions for analytical procedures, building standards and 
deploying adequate assay: liquid chromatography and Mass 
spectroscopy. Figure 8 provides examples for isolation and 
analysis of doxorubicin and doxorubicinol directly from the 
tumors. Presented in quantitative results for the compounds 
of interest. We ask that this information remains in the 
manuscript text since no known comparable report could 
be found in the public domain. Figures 8,9,10 provide data 
on doxorubicin levels in all the tumors subjected to FDP-NV-
DOX. Small amounts of free Doxorubicin were detected in 
each tumor. Larger amounts of Doxorubicin were recovered 
from each tumor extract (Figure 8). The M-1 metabolite, 
doxorubicinol was identified in only 2 tumors (as the amount 
of the metabolite was below precise quantitation levels in 2 

Table 4: Summary of methodological approaches for doxorubicin and doxorubicinol analysis by LC-MS. This is the most detailed for the process known to be 
deposited in public domain.
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Figure 8: Upper Panel provides calibration lines for each analyte of interest. Quantitative analysis of free doxorubicin (A), and doxorubicin extracted from 
tumors according to protocol detailed in Table 4.   of mice treated with FDP-NV-DOX-75. The upper panel Graphics presents the amount of doxorubicin and 
doxorubicinol in dissected tumors, analyzed by LC-MS and quantified based on the respective calibration diagrams. All specimens presented in Figure 10 and 
details listed in the material and methods section. Numbers under the bars represent individual animal analysis.

 

Figure 9: Represented diagrams of LC-MS analysis of doxorubicin and its metabolite doxorubicinol in dissected tumors. Highly detailed of the method of 
is provided in methods section.



www.innovationinfo.org

13ISSN: 2581-6608

Figure 10: provides concentrations of doxorubicin extracted from the tumor (A) and doxorubicinol (B) the integrated amount of the metabolite. Red circles 
point out the chemical site where conversion takes place; yellow circle point out the primary amine which is protonated and facilitates in ionic interaction with 
the negative charge of particles; surface. 

 

 

 

 

 

 

 

 

 

 

 

tumors out of 4 (BQL). Figure 9 reinforces the presence of 
doxorubicinol in tumor homogenate.

Effect of sorafenib on Hep3B-luc cells viability in 
vitro

Prolog: Our intension is to revoke embolectomy practice, 
which is the contemporary standard of medical practice. To 
preserve maximum efficacy, we postulated that adjuvant 
chemo treatments to FDP-DOX using a non-redundant drug 
in tandem with FDP-DOX as an adjuvant TAC (trans-arterial 
chemotherapy) in the earliest phase of I-HCC treatment. 
Sorafenib mechanism of actions interferes in multiple kinase 
signal transductions considered complementary to the 
mechanisms of DOX based on nuclear and mitochondrion 
function. Gerstenhaber JA et al, provides dose and time-
dependent effects of sorafenib (SOR) on viability of Hep-
3B-luc liver cancer cells and provides options for SOR 
additive to enhance FDP-DOX intra-tumor injections [36]. 
Furthermore, SOR suspension is intended to be delivered 
in its own suspension, in tandem to FDP-DOX, which is 
expected to virtually act instantaneously while FDP-DOX 
desorption lags. 

Safey biomarkers: FDP-DOX impact on animal 
thriving and liver function tests

Biochemical functions are known to harbor biomarkers 
that signal adverse effects associated with systemic 
treatment with anthracyclines. Therefore, our efficacy 
studies were bundled with monitoring of animal thriving 
(body weight) as a systemic alarm of toxicity.  Likewise, liver 
functions tests are established biomarkers of liver health.  

None of the animals subjected to FDP-DOX treatment 
was excluded (via euthanasia) due to excessive body weight 
loss of over 20%, (as per regulatory requirements). 

The impact of FDP-NV-DOX on liver functions tests are 
used in medical practice such as ALT (alanine trans-aminase) 

and AST (aspartate transaminase) among other biomarkers. 
In our study 2 mice were studied for LFT at the termination 
day of the protocol; each assay of these biomarkers (ATL and 
AST) no significant statistical deviation from normal levels 
in mice could be affirmed. LFT biomarkers trended to lower 
levels while risks of liver toxicities should report elevation of 
these biochemical markers. Moreover, tumors treated with 
FDP-DOX maintained body weight throughout the 52-day 
protocol. The summary slide is in the supplementary section. 

Discussion and Perspectives
The present manuscript presents unprecedented data in 

support for the possibility that FDP-NV-750nm suits to serve 
as a carrier for drugs delivery for liver cancer and especially 
the intermediary stage (I-HCC.) The 5 key objectives were 
primarily focused on proof of technical feasibility and 
establishing “proof of concept” (POC) Figure 11 affirms 
that PDP-NV-750nm-DOX alone is indeed capable to 
desorb of its coating (in the case of DOX) and fast acting 
adjuvant (SOR) known for fast and complementary actions 
to the anthracyclines. The data presented in figures 1-5 
unequivocally demonstrated efficacy in single (e.g. FDP-
DOX) or combination (FDP-DOX+SOR) treatments. The 
efficacy is shown by reducing tumor growth (measured by 
caliper method) and decreasing bioluminescence of luciferin 
emission as a biomarker (reduced emission) through FDP-
DOX treatment. Additional biomarkers also supported FDP-
DOX effectiveness. Thus, whole-body imaging (by IVIS) 
illustrated high suppression of some tumors and complete 
cessation of tumors progression (figure 6, FDP-DOX treated 
tumors mouse #1 and #3 (red arrows) Furthermore, while 
efficacy of each treatment manifested attenuated tumor 
growth (to a variable extent, figure 7) and whole-body tumor 
volume visualized cases of complete arrest of growth.

While evidence of efficacy to attenuation of tumors’ 
growth or biomarkers of function (bioluminescence,) 
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our histology/histochemistry figures (Figure 12 and 
Figure 13) illustrate pathological aberrations of tumors’ 
integrity such as destruction of tumors’ microstructures 
including capillaries visualized by hemorrhages, necrosis.  
Of great interest are topographical positions of the innate 
cells positions to the FDP-NV-DOX particles. Figure 16 
suggests possible colocalization of particles which seem 
to overlap with phagocytic cells (identified by CD68+ 
immunohistology.) Figure 14 also suggests that FDP-NV-
750nm might be up taken into cells’ cytosol, a possibility in 
line of our recent in vitro studies with Hep-3B cells where 
FDP-NV particles (coated or not by DOX) could be clearly 
identified in the cancer cells forming corona around the 
nuclei but no incorporation into nuclei had been vetted [36] 
and validated  by confocal imaging. Moreover, the extent of 
the damage to tumors by each of the treatments (separately 
or in combination) Figure 14 also provides an assembly of 
biomarkers (FDP, DAPI/Nuclei, FDP/NIR) revealed further 
by histological techniques where standard stains of tumor 
slices are prepped for microscopy inspection. Since these 
slices have been prepped ex-vivo shortly after the end of the 
protocol, we assume that the histopathological observation 
must have been elicited by the chemotherapeutic agents 
(whether direct acting, SOR) or those desorpted from the 
particles over several weeks (FDP-DOX, 38-52 days). In Figure 
12, four H&E-stained slices from each of the treated groups. 
was probed by low to high microscopy Visual inspection of 
slices produced from the control tumors appear to have 
maintained their dense clusters of tumor-cells and overall 
preservation of the integrity of the tumor. In summary, the 
proof of efficacy has been grounded by several phenomena 
not observed in the vehicle control tumors. The extent 
of efficacy of the various approaches landed different 
pathognomonic markers of ultimate cells death, which in 
combination could lead to complete arrest of the tumors 

(figure 7). The lowest percent growth under treatments 
was generated by FDP-DOX+SOR (29%) and complete 
arrest in cases listed in Figure 6 would likely manifest many 
more should FDP-DOX treatment repeated, and its adjuvant 
(SOR) acted in synergy from start of treatment.

Finally, figure 12 (in the supplement section) provides 
supplementary data from a study we performed at our CRO 
cancer pathology team of WuXiAppTec where FDP-NV-DOX 
was tested in tandem ( side by side) which FDP-DOX+SOR 
(Figure 5). This study was the shortest protocol (38 Days) 
yet, the highest efficacy to suppress bioluminescence was 
noted for FDP-DOX+SOR, and least by FDP-DOX. Tumors 
from FDP-NV-DOX have been prepped for histology analysis, 
which has been analyzed by the end of the protocol and 
subjected to histological microscopy. Similar pathological 
markers were spotted in line of the observation reported 
for figure 12. Whole body imaging (IVIS) visualized the 
distribution of the FDP particles and tumors’ silhouette. 
Additional histological evidence and high-density cell 
counts provided important evidence generated by counting, 
using HALO software techniques. Furthermore, direct assay 
of doxorubicin and its prime metabolites doxorubicinol, 
confirmed the presence of DOX in each of the tumors albeit 
in variable quantities.

The apparent synergy of FDP-DOX+SOR displayed by 
duplex sorafenib further augmented the efficacy of FDP-
DOX, likely due to non-redundant mechanisms of actions. 
The extent and speed of action of FDP-DOX-SOR, should 
consider the limitations of the mass of the “payload”- DOX, 
which was a technical limitation by the amount of DOX the 
FDP carried. Furthermore, unlike the clinical practice, where 
‘cocktails” of treatment-regimens are prescribed, our in vivo 
study fell short to sustain the time course prescribed for 
FDP-DOX per se. Future studies are needed to test repeated 

Figure 11: Desorption study of DOX from FDP-NV-750nm nm in phosphate buffered saline (PBS) pH = 7.4 and acetate buffered saline (ACS) pH = 5.0.
FDP-NV-750nm with adsorbed DOX (75 µg/mg) were incubated in the buffers by 1, 6 and 24 hours and centrifuged with 16,000 x g force for 5 min. Supernatants 
were transferred to 96-well plate, which was measured using Tecan fluorescence plate reader with 480 nm excitation and 590 nm emission wave lengths. 
Amount of DOX was calculated from the standard curve prepared in parallel on the same plate from known concentrations of DOX. Error bars present SD from 
3 samples prepared in separated tubes.
A) Plot presents percentage of desorption of DOX from solid phase FDP-NV-750nm into liquid phase of buffer. 
B) Plot presents amount of DOX in the liquid phase of buffer desorbed from solid phase of 1 mg of FDP-NV-750 nm.
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Figure 12: Each tumor from the following group: 1. Vehicle controls; 2. FDP-DOX-75, 3. Sorafenib and 4: NV -from The control slides illustrate dense 
masses of packed cancer cells; in contrast, most of FDP-DOX, sorafenib per se and FDP-DOX+SOR treated tumors were significantly impacted by any of these 
treatments. No quantitative analysis had been performed as visual inspection is clear.
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Figure 13: Representative images of paraffin sections of tumor tissue dissected on day 60 and H&E stained.
Black areas represent FDP-NV-DOX-75 accumulation. 
A necrotic area was discernible (within the yellow circle), characterized by a core region with granulocyte aggregation (blue arrow). At the periphery (brown 
arrow), granulocyte infiltration was noted, accompanied by tumor-associated angiogenesis, where endothelial cells encircled red blood cells and granulocytes. 
Beyond the periphery (black arrow), certain non-tumor cells, having phagocytosed nanoparticles, exhibited no nuclear heterogeneity. The necrotic cells (white 
arrow or circle) displayed an indistinct morphology, complicating cell type determination. In the nanoparticle-rich region (red arrow), a substantial presence of 
red blood cells was observed, indicating significant hemorrhage.
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Figure 14: Part A and B illustrate the presence of immune/inflammatory cells marked by immuno-assay for CD68+. In addition, CD68+ cells marked by presence 
of phagocytic cells (stained pink) and possibly the uptake of FDP-NV-DOX into cancer cells cytosol but not into the nucleus Part C presents colocalization of 
FDP-NV-DOX upon activation NIR by IVIS system. The precision by which FDP-DOX colocalization (C) with CD68 phagocytic cells suggest that FDP-NV-
DOX750 might be up taken into by cells where desorption of DOX could be accelerated by low pH of the cytosol of phagocytic cells could as well taking a role 
in release of free DOX which diffuses. 
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Figure 15: Tissue dimensions in the immunofluorescent stained slides were assessed using HALO software. A), DAPI stained 
spots were identified as cell nuclear, and NIR fluorescent signal indicated the FDP accumulated regions. Compared with the 
FDP accumulated regions from FDP-DOX treated group, less cell nuclear were observed in that from FDP-DOX + Sorafenib 
treated group.  The size analysis and the cell number were assessed using HALO from the whole slide and FDP accumulated 
regions separately. The cell density was calculated as the ratio of the counted cell number to the corresponding tissue area (mm²). 
Compared with the FDP-DOX, i.t. treated group, the whole area, whole cell number, and whole density of the tumors treated 
with FDP-DOX + Sorafenib, i.t. did not exhibit significant differences. The area of the FDP accumulated regions also showed 
no significant difference; however, the cell number and density in the FDP accumulated regions were reduced with statistical 
significance. Error bars represent SEM for two specimens per group (N = 2), T-testing between FDP-DOX, i.t. and FDP-DOX + 
Sorafenib, i.e. was performed by Prism.
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treatment to maximize the FDP-DOX efficacy. Ultimately, the 
critical element for validation FDP-DOX efficacy must seek 
overall survival endpoints, which is the hallmark of success 
especially in respect to the high unmet medical needs for 
intermediary liver cancer.

Summary
We consider the data provided in this manuscript to 

satisfy the objectives set forth (vide supra) for FDP-NV- 
750nm prospect to serve as an efficient drugs carrier and 
that FDP-DOX injected directly into tumor (ultimately via 
trans-arterial) effectively desorb chemotherapeutics agents. 
Figure 15 verified “payload desorption” sufficient to deliver 
chemotherapeutic agent (e.g. doxorubicin) into the tumors 
and significantly arrest tumors’ proliferation. Further in 
vivo studies are required to more accurately represent 
human biology and validate trans-arterial procedures.  
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