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Abstract
Purpose: To test doxorubicin-coated fluorescent diamonds particles-

NV-700/800nm (FDP-DOX) for potential treatment for hepatocellular 
cancer (HCC). 

Methods:  Human liver cancer cell-line (Hep-3B-luc) was used to 
induce orthotopic liver cancer in BALB/c mice. Hepatocellular cancer 
cells rapidly induced tumors in the left liver lobe where their progression 
was evaluated in vivo by extracorporeal whole-body bioluminescence 
method. Ex vivo imaging of FDP-DOX distribution in the liver and 
tumor-tissues was enabled by near infra-red (NIR) light emitted by 
FDP-NV and UV-vis for presence of DOX. FDP-DOX distribution at the 
cellular level was analyzed by scanning electron-microscopy (SEM) and 
immunohistochemistry. Liver function tests (LFT) and complete blood 
cells counts (CBC) were used for off target safety biomarkers. 

Results: FDP-DOX administered via intravenous (IV) route to 
naïve or tumor bearing BALB/c mice, were dose-dependently and 
preferentially (95%) deposited in liver-sinusoids, reaching maximal 
retention dose (MRD). FDP-DOX were prominently identified in liver 
sinusoids and DOX detected in liver-cells nuclei by UV-vis fluorescence. 
FDP-DOX injected IV to mice seven days ahead of Hep-3B-luc inoculation 
suppressed tumor development over 4 weeks. Commencing FDP-DOX 
treatment 7 days after tumor cell inoculations failed to arrest tumor 
development. 

Conclusions: The data presented in this manuscript suggest that 
FDP-NV-700/800nm could serve as carrier for DOX as part of the 
contemporary TAE/TACE (transarterial embolization/transarterial 
chemotreatment) strategy for HCC adjuvant treatment

Keywords: Orthotopic Hepatocellular cancer, BALb/c mice, 
near infra-red light, Scanning electron microscopy, trans-arterial 
chemoembolization.

Introduction



www.innovationinfo.org

02ISSN: 2581-6608

Primary hepatocellular cancer (HCC) is a leading 
malignancy worldwide and common cause of death due 
to very poor long-term survival [1-4]. Over the past 3 
decades HCC prevalence has increased in the USA and other 
countries with male gender bias [1,2]. HCC prevalence has 
been attributed to several co-existing medical conditions 
such as chronic viral hepatitis, metabolic diseases (diabetes, 
obesity), behavioral trends (alcohol abuse, diets), as well 
as comorbidities such as liver cirrhosis and environmental 
factors (chemical carcinogens) [5-8]. 

Autologous liver transplantation is the preferred 
treatment for non-alcoholic cancer in whom liver functions 
tests are sufficiently preserved [1]. Liver transplantation 
and local ablation are considered potentially curative in 
carefully selected patients, yielding 5-year survival rates 
of 40–70%, compared with 20% in untreated patients [9]. 
However, access to suitable liver transplants continues to 
lag demand. Targeted tumors’ resections, or ablations, have 
also been proven to prolong “progression free survival” yet 
most patients are diagnosed late in the course of the disease, 
and consequently and invariably are subjected to high rate of 
recurrence [10-13]. 

Over the past 20 years microcatheter technology 
has been evolving to afford trans-arterial embolectomy 
(TAE) via the hepatic artery of patients diagnosed with 
multifocal liver tumors yet ineligible for transplantation or 
resection/ablation procedures [14,15]. TAE combined with 
chemotherapeutic agents (TACE) has rapidly evolved with 
a myriad of chemotherapeutics agents and diverse carriers 
[16-22]. Prominent among the chemotherapeutic agents 
deployed by TACE procedures are anthracycline compounds, 
which have proven partial efficacy mostly by “progression 
free survival” (PFS) in both pre-clinical and clinical studies, 
but not in overall survival (OS).; only 2 drugs have been 
registered for human use [23-31]. 

Combination of TAE/TACE technology have mostly 
demonstrated efficacy in prolonging “progression free 
survival” (PFS), but less so in respect to overall survival 
(OS) [24-27]. In fact, recent meta-analysis of studies 
comparing a first line HCC drug, sorafenib, Vs combined 
with TACE (doxorubicin) cast doubt on TACE added 
value [20-31]. Concerns have also been raised regarding 
embolization materials spreading beyond the hepatic-artery 
perfusion territory leading to non-targeted embolization 
with significant adverse consequences [32]. Hence, 
carriers that localizes in the  tumor  and slowly desorbs 
its chemotherapeutics agents could enhance efficacy and 
specificity. 

Multiples factors seem to confound TAE/TACE clinical 
studies outcome. Likely, the main culprits reside residing in 
the diverse physical compositions of the drug carriers such 
as polymers, dendrimers, starch, gels, liposomes, Lipiodol, 
and drug eluting spheres (DES) [22-24]. Furthermore, 
diverse pharmacological adjuvants, e.g., anthracyclines, 
(doxorubicin, paclitaxel, pirarubicin) that vary in their 
pharmacokinetics profiles might have confounded clinical 
outcomes [27,33-35]. Finally, DES (drug eluting spheres) 

deposited within the hepatic artery varied by size (40-
300 um), and diffusion of the chemotherapeutics into the 
systemic circulation some of which degraded by rapid 
metabolism in the liver and other peripheral organs [23,35]. 

Taken together, the state of the art of TAE/TACE 
platforms provides a compelling case for superior carriers 
that could address the substantial unmet medical needs 
including overall survival (OS).

Recently, we have reported on preferential deposition 
of sub-micrometer fluorescent diamond particles, FDP-
NV-700/800 nanometer (nm) (FDP-NV) in liver’s sinusoids 
of rodents following intravenous injections of FDP-NV, 
in accord with reports of similar data with much smaller 
nanodiamonds particles (<100nm) [36-40]. Furthermore, 
we reported on the exceptional biocompatibility of FDP-
NV-700/800 nm in rodents with respect to safety over 
prolonged residency (90 days) in the liver with high 
preferential and sustained residency due to lack of FDP-NV 
metabolism and excretion [36-38]. Furthermore, our in vitro 
studies with human liver cancer cells (HepG-2 and Hep3B) 
and colorectal cancer organoids, [38-40], have shown rapid 
and avid internalization of FDP-NV or FDP-DOX in each of 
the HCC cancer cells (vide supra), forming corona around 
the cells’ nucleus yet non in the nuclei per se [41]. These 
in vitro experiments also affirmed desorption of DOX from 
the particles and its diffusion to the nuclei resulting in time 
and dose-dependent destruction of cancer clusters within 
24-48 hours via activation of cell-death pathways, impaired 
mitochondria functions and activation of oxygen radicals’ 
formation [41,42]. This data, along with exceptional FDP-NV 
biocompatibility, sustained residency in targeted pathology/
organ, and, slow release of the chemotherapeutic agents 
(e.g., DOX) suggested that FDP-DOX might be an appropriate 
candidate to be tested as for TACE adjuvant for HCC [42-50]. 

In this pilot study, we aimed to establish proof of concept 
(POC) for the potential of FDP-NV-700/800 nm coated with 
doxorubicin to serve as an effective drug carrier. To this 
end, FDP-DOX was loaded in the left lobe of the liver ahead 
of an intended inoculation of Hep-3B-luc cancer cells that 
induce tumor in the same locale where DOX is expected to be 
desorpted from the particle. Towards this objective several 
ancillary POC tasks had to be clarified and verified. 

Material and Methods
Nanodiamonds Particles acquisition and 
characterization

FDP-NV-700/800 nm (FDP-NV) functionalized by 
surface carboxylation was purchased from ADAMAS 
Nanotechnologies Inc. (Raleigh, NC, USA). The doxorubicin 
used for the FDP-NV coating was purchased from MedKoo 
Biosciences, (Morrisville, NC, USA). The coating process and 
desorption profile (conducted by the supplier) have been 
detailed in a recent publication except for the higher payload 
per mg FDP-NV mass which was achieved by increasing 
DOX concentration in basic PBS solution. The FDP-DOX-75 
product was delivered in autoclaved sterile Eppendorf 
plastic vials [41]. 
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FDP-NV and FDP-DOX were characterized for diameter 
(Z-average) and surface charge (ζ-potential) using 
dynamic light scattering (DLS). Particles delivered by the 
manufacturer as a suspension in sterilized deionized water. 
Z-average and ζ-potential of FDP-NV-700/800 nm were 
tested before and after coating with doxorubicin. FDP-DOX 
products were provided in various DOX coatings up to FDP-
DOX-75 µg/mg particles.

Human liver cancer cells acquisition application
Hep-3B-luc human liver cancer cells were obtained by 

the contract research organization 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 left lobe of the livers under adequate anesthesia. 

In vivo BALB/c mice studies

Female 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 were exercised at WuXi (China) and performed 
under accredited procedures as per Chinese Regulatory 
Agency according to IACUC, which are in line with US FDA 
and NIH guidelines. 

Dispersion of particles by sonication prior to 
infusion into animals 

Due to the innate tendency of FDP-NV-700/800 nm 
(FDP-NV) for agglomeration in electrolyte solutions (normal 
saline, PBS pH=7.4) all suspensions of particles were 
subjected to vortex (over 2 minutes) followed by sonication. 

To facilitate particle dispersion, BSA at 3% was added to PBS 
pH=7.4 and the suspension was also subjected to high vortex 
stirring for 3–5 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 figure 1.

Cell culture
Hep-3B-luc (human liver cancer cell-line) was established 

by injecting of 3x106 Hep-3B-luc cells suspended in twenty  
µL Matrigel (1:1/w: w) into the left lobe of the liver of female 
BALB/c nude mice under proper anesthesia (see Methods). 

Whole-body bioluminescence of Hep-3B-luc 
tumors in nude mice

BALB/c mice inoculated with Hep-3B-luc cells were 
administered by IV luciferin through through their tail 
vein vein at a dose of 150 mg/kg. Five to ten minutes after 
injection of luciferin, the mice were lightly anesthetized by 
inhalation of 2% isoflurane in air. Upon proper anesthetic 
state, mice were transferred into the imaging chamber 
for bioluminescence measurements using the Lumina III 
(PerkinElmer, Inc., Waltham, USA) imaging system. The 
bioluminescence value at 15 min after injection of luciferin 
was recorded as the maximum final value. 

Ex vivo tumor bioluminescence and NIR fluorescence 
monitor by using In Vivo Imaging System (IVIS)  

The distribution of FDP-NV-700/800nm or FDP-DOX in 
livers, isolated tumors, and ancillary organs was measured 
by IVIS Lumina III (PerkinElmer, Inc., USA) using the Ex/Em 
setting at 580 nm/710 nm, respectively with auto-exposure 

 
Figure 1: Dispersion of FDP-DOX-34 suspended in PBS=7.4 by sonication. (A) Image of FDP-DOX-34 after vertexing (no sonication) observed under 
fluorescence microscopy. The maximum diameters of the six largest agglomerates are as follows: 1) 6.4 µm, 2) 5.8 µm, 3) 4.6 µm, 4) 5.4 µm, 5) 5.1 µm, 
6) 3.7 µm, 7) 4.4 µm; 8) 5.2 µm, 9) 2.9 µm, 10) 3.4 µm. (B) Image of FDP-DOX-34 after sonication, observed under fluorescence microscope. The max 
diameters of the six largest particles indicated by blue arrows are as follows: 1) 1.9 µm, 2) 1.7 µm, 3) 1.8 µm, 4) 1.2 µm, 5) 1.2 µm, 6) 1.6 m. yellow arrows 
point examples of the particles in the size 700/800 nm. Measurement of particle diameters was performed using Image J software.
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setting time and ‘binning’ set at 4. All ex vivo images of 
organs were performed on organs that were dissected at 
termination day of the protocol. Whole-body perfusion 
of mice was performed under deep anesthesia by cardiac 
puncture using sterile normal saline.

Scanning electron microscopy 
Scanning electron microscopy (SEM) was used to confirm 

the location and formation of particles in the liver and tumor 
tissues isolated from FDP-DOX-infused mice. The procedure 
was performed as described previously [22]. Briefly, 800 
µg/mouse dose of FDP-DOX was injected intravenously 
under appropriate anesthesia. Mice were terminated (see 
euthanasia section vide infra) and subjected to whole-body 
perfusion through cardia puncture followed by dissection of 
the liver tumor units and ancillary organs. Certain dissected 
specimens were subject to fixation in 70% ethanol and 
further cut into 2-3 mm slices. Slices were imaged using an 
environmental SEM (Quanta 450FEG, FEI Co, ThermoFisher 
Scientific) operated in low vacuum mode at 0.3–0.4 Torr of 
water evaporation and 7–10 keV of acceleration voltage. 

Euthanasia of animal subjects
Euthanasia was induced in accordance with WuXi 

humane animal guidelines by using standard phenotype 
changes to avoid animal suffering. 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 the euthanasia 
process. At the point of complete cessation of all motor 
activity, breathing, and complete unconsciousness, a cardiac 
puncture was performed and a perfusion with 10 mL of 
sterile saline was performed to remove residual blood in the 
vasculature of the organs. Organs were preserved in 4.5% 
buffered formaldehyde PBS (pH = 7.4).

Blood withdrawal for circulating blood, biomarkers
Blood was withdrawn by cardiac puncture under 

proper anesthesia (5% isoflurane) into anticoagulant-
containing syringes (EDTA). LFT (liver function tests) and 
hematological variables were processed using standard 
clinical biochemistry methods. 

Histology, Histochemistry and fluorescence 
techniques

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

H&E and DAPI staining: Slides were exposed to sixty °C 
for 1 hour for dewaxing and were then transferred to Tissue-
Tek Prisma® Plus auto stain (Sakura Fintech lunch, Torrance, 
CA, USA) for H&E staining. The stained slides were scanned 
with panoramic digital slide scanners (panoramic SCAN, 
3DHISTECH Kit, Budapest, Hungary). A liver pathologist 
expert evaluated high-resolution images. For nuclei imaging, 
slides were processed by the Bond RX auto Stainer (Leica 
GmbH, Wetzlar, Germany) for DAPI staining.

Fluorescence imaging: Slides were scanned with 
panoramic digital slide scanners (panoramic Scan, 

3DHISTECH Kft, Budapest, Hungary) with filters. High-
resolution imaging for whole sections was generated and 
analyzed. For additional technical details, see references 
[21,23].

Immuno-Histochemical methods (IHC) to identify 
liver and tumor Phagocytic cells: CD68 biomarker 

CD68 (macrosialin) is a heavily glycosylated 
transmembrane protein that is expressed by and commonly 
used as a marker for monocytes and macrophages. CD68 
was used as a proxy biomarker to locate macrophages in 
liver and tumor slices according to published information 
(https://pubmed.ncbi.nlm.nih.gov) [50-52]. Slides were 
exposed to 60ºC 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 immune-
histochemistry (IHC) was anti-CD68 (CST #97778).

Imaging technology
All images were scanned at 40x magnification 

(panoramic SCAN, 3DHISTECH Kit, 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 CaseViewer V2.4 
(3DHISTECH Kft, Budapest, Hungary).  For image analysis 
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 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 the 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 at P < 0.001 by t-test.

Alfa-Fetoprotein 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.  AFP is commonly used as a biomarker to monitor 
treatment outcome in patients with HCC [43,44]. Because 
Hep-3B-luc are known to express AFT, we used this protein 
as a biomarker to differentiate Hep-3B-luc tumor cells from 
mice hepatocytes with respect to the distribution of FDP-
DOX. 

Liver slices 4-µm-thick were sectioned by Leica RM2235 
Manual Rotary Microtome (Leica Microsystems GmbH, 
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, 

https://pubmed.ncbi.nlm.nih.gov
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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).

Inoculation of Hep-3B-luc (human cancer cells) 
into the left lobe of liver of BALB/c mice

Female BALB/c nude mice were anesthetized with 240 
mg/kg of Avertin 2–5 minutes before surgery. A small incision 
was made across the sterilized abdominal wall. The left lobe 
of the liver was identified and exposed. Approximately 3×106 
Hep3B-Luc cells were inoculated with 20 µL Matrigel (Becton 
Dickinson, Franklin Lakes, USA).  Twenty microliters (µL) 
of PBS: Matrigel (at 1:1) were injected directly into the left 
lobe of the liver. The injection site was inspected to ensure 
there was a lack of leakage. The left lobe of the liver was then 
adjusted back into the abdominal cavity, and the incision 
was closed by surgical sutures. Mice were monitored after 
surgery for complete recovery from anesthesia.

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, and where appropriate, 
using SigmaPlot software (SigmaPlot® 12 SPSS, Sy stat 
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 an 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
Characterization of FDP-NV and FDP-DOX-75 by 
DLS

FDP-DOX-75 was manufactured by ADAMAS where the 
Z-average and zeta-potential of FDP-NV and FDP-DOX were 
evaluated by Malvern at the manufacturer as previously 
reported. Z-average and zeta-potential were studied at N=3 
each as follows: FDP-DOX-75 Z-average is 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 (minus) 
21mV post-coating as compared to a positive surface charge 
in a PBS suspension.

Suitability of FDP-DOX for targeted delivery of 
doxorubicin to tumor-bearing livers

FDP-NV-700/800 nm have not been studied in BALB/c 
orthotopic liver cancer as far as the authors could deduced 
from public literature. Therefore, we embarked on de novo 
studies of FDP-DOX. Validation of extent of deposition 
of FDP-DOX in mouse livers and exploring the Maximal 
Retention Dose (MRT). Furthermore, we evaluated whether 
particles gain access to liver and tumor cells. We considered 
this latter parameter, MRD, paramount to ensure maximal 
deposition of the therapeutic agent in the targeted organ/
pathology and minimize systemic adverse effects due to 
systemic overflow of FDP-DOX. Finally, we characterized the 
dynamics of Hep-3B-luc tumor development within the liver 
with respect to the time and extent of tumor evolution in 
situ and further in outgrowth into the abdominal space and 
secondary metastases to other organs. This information was 
used to guide FDP-DOX dosing regimens and schedules in 
various stages of tumor burden (early, 2–3 weeks; medium, 
4–7 weeks, and late-stage, 9-weeks). Furthermore, detailed 
MRD is critical not only for optimizing dose regimens to 
target pathology but also for preventing liver dysfunction 
indicated by liver function tests (LFT) and other systemic 
toxicities (such as hematological variables). 

Figure 2 presents five pilot studies (Tasks 1A–E) 
aimed at providing essential information to begin Task 
1F and optimize the experimental design of the first 
pharmacodynamic study. Recognizing that ‘orthotopic’ 
cancer models are inoculated into a particular liver lobe, we 
chose to verify the distribution of FDP-DOX in all four live 
lobes to ensure maximum access of FDP-DOX to the cancer 
bearing lobe (Figure 2, Task 1E). 

Finally, the pharmacodynamic study (Figure 2, Task 1F) 
was designed to investigate the hypothesis that the presence 
of FDP-DOX-75 prior to Hep-3B-luc cell inoculation in the 
same site where FDP-DOX-75 had been deposited ahead 
of the inoculum, would not arrest, or interfere with cell 
proliferation or tumor formation. This “null hypothesis”, if 
rejected, expected to validate our hypotheses that FDP-DOX 
could serve as a promising drug delivery technology.

Evidence of preferential deposition of FDP-NV 
and FDP-DOX in livers of nude mice following IV 
injection

Figures 3–5 provide unequivocal data on preferential 
deposition of FDP-NV-700/800 nm (Figure 3) and FDP-
DOX (Figure 4) in the livers of nude mice after IV infusion of 
the respective particles. Figure 3A presents an exponential 
increase in high-dose particles deposition in livers over 
a low dose, while only a small fraction could be identified 
in the spleen only. Figure 3B presents a clear differential 
distribution of the high dose in the liver and signals 
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recorded from lungs, kidney, and pancreas (upper panel). 
The latter observation is in line with our previous study in 
rats [36-38]. Calculation of percent distribution of the high 
dose of FDP-NV-700/800 nm in all listed organs (based on 
the proportional biofluorescence distribution) indicates 
a mean accumulation of 94.5% in the liver and only 5.5% 
in the spleen, and no detectable signal in the lungs, kidney, 
or pancreas. However, the caveat to this calculation is 
the method limitation in detecting weak signals due to 
exceptionally low depositions in other bodily organs where 
a minute mass of particles might still be deposited. 

The dose-response study (Figure 4A and B) evaluated the 
‘Maximum Retention Dose’ of the liver (MRD) and suggested 
that saturation of liver capacity to retain FDP-DOX is achieved 
at 2–3 mg/mouse. The distribution of FDP-DOX in the liver 
evaluated by SEM, provided evidence of deposition in liver 
sinusoids in the form of agglomerated clusters (Figure 5A). 
These, agglomerated clusters of FDP-DOX were unlikely due 
to the DOX coating per se as similar SEM data using naïve 
(non-coated) FDP-NV-700/800 nm been already reported in 
rats [38]. Figure 3C, D, and Figure 4C, D indicate normal liver 

function tests and hematology variables in both the vehicle 
control mice and particles injected mice. However, these 
studies were acute (blood samples collected after 5 days) 
and therefore long-term effects cannot be excluded. 

Distribution of FDP-DOX-34/35 in Hep-3B-luc 
tumors induced in the livers of nude mice at a late 
stage of the cancer

At the beginning of the study the supplier provided only 
FDP-DOX-34/35 µg/mg FDP with limited coating capacity, 
which was used for the pilot studies. Upon production 
of FDP-DOX-75 µg/mg particles were used for Task 1F, 
the pharmacodynamic study. Figures 6–11 illustrate the 
dynamics of Hep-3B-luc-induced tumors in BALB/c mice 
over an acute (2 weeks), subacute (4 weeks), or late-stage 
(9 weeks) post-inoculation of Hep-3B-luc. These studies 
were aimed to determine whether the tumor stage was 
important for dosing regimens, particle distribution, and 
FDP-DOX access to tumors. Furthermore, probing tumor-
related impairments in LFT and key hematology variables 
was essential to define the safety margin of FDP-DOX in each 
stage of the tumor. 

Figure 2: Translational medicine path towards proof of technical feasibility and proof of hypothesis. Six pilot studies were conducted consecutively to verify 
the preferential deposition of carriers per se, (FDP-NV-700/800 nm) in mice liver (Task 1A) and to probe the FDP-DOX-34 coating (Task 1B). In both tasks (1A 
and 1B) LFTs and hematological variables (CBC) were also evaluated on day six after exposure to FDP-NV-700/800nm per se. Task 1C aimed to determine the 
limits of the mouse liver to capture and retain FDP-DOX-34 to avoid 'spill-over' of the treatment in the systemic circulation. This latter task was performed at a 
later stage of orthotopic cancer to confirm the access of FDP-DOX-34 to the advanced stages of the tumor. Task 1D aimed to track the end stage of the model 
and validate the bioluminescence biomarker throughout its terminal course that requires euthanasia. Task 1D aimed to verify that FDP-DOX-34 gain access to 
the specific liver lobe where cancer cell inoculation will be conducted and Task 1F aimed to investigate whether the presence of FDP-DOX-34 in the initiation 
of tumor growth in the designated liver lobe.
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 Figure 3: Task 1 A: Distribution of FDP-NV-700 / 800 nm in the liver and auxiliary organs of mice 5 days after IV infusion. (A) NIR fluorescence of livers 

(n=3–5) recorded ex vivo after a single or double dose of FDP-NV-700/800 nm. The NIR fluorescence was measured by IVIS. Mice were infused (IV) with a 
single dose (180 µg of FDP-NV-700/800nm per mouse) or 1200 µg per mouse and livers were collected on day six after particle infusion. IVIS images (right) 
represent liver from a dose of 1200 γ (n=3). Error bars indicate the SD for five animals per 180 µg group (n=5) and three animals per 1200 µg group (n=3), (*) 
P<0.001 and (**) P<0.01 calculated using one-way ANOVA. (B) Fluorescence imaging of four organs (spleen, kidneys, lungs, and pancreas). The deposition 
of particles in the spleen was clearly observed beyond control but only after a high dose. The NIR fluorescence of the high dose observed in the spleen was on 
average 1.25x107 compared to 5x108 in the liver treated with the same dose. Error bars indicate the SD for five animals per single dose group (n=5) and three 
animals per double dose group (n=3), (**) P<0.01 and (***) P<0.05 calculated using one-way ANOVA. The images above bar graphs present organs treated 
(bottom rows) or not treated (upper rows) with FDP-NV-700/800 nm. (C) Effect of FDP-NV-700/800 nm on liver function tests assayed in plasma collected 
under anesthesia at the end of the experiment (day 5 after treatment at 180 µg/mouse (n=5)). The bars show the mean value of three mice and the error bars 
represent SD. No statistical differences were observed between the treated and control mice on any of the parameters. (D) Effect of FDP-NV-700/800 nm on 
selected blood variables. Mice were injected (IV) with 1200 µg of FDP-NV-700/800 nm per mouse and blood was collected on day five after injection. Green 
bars represent means of vehicle control, and red bars represent means of treated mice. SD for four animals per control group (n=4), and five animals for the 
group treated with particles (n=5). (**) P<0.01 calculated using one-way ANOVA
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Figure 4: Dose-dependent accumulation of FDP-DOX-35 in the liver of nude mice to establish maximum retention dose (MRD). (A) Retention of FDP-
DOX-35 in the livers (via NIR) of separate groups of mice subjected to escalating dosing regimens (by IV) as noted in the legend box (color coded). NIR was 
monitored ex vivo on day five after infusion of particles. (B) A cumulative NIR fluorescence (by IVIS) of isolated livers obtained on day five after particle 
infusion. The plot was evaluated based on the equation for standard curves (R2=0.847), a four-parameter logistic curve (prepared using SigmaPlot software). 
(C) Liver function tests and (D) hematology variables, respectively, in mice subjected to vehicle controls (green bars, n=4) or FDP-DOX-34 (red bars, n=3) 
treated with the highest dose, 1.2 mg/mouse. Mice were anesthetized on day five after treatment and blood was collected for LFT and CBC analysis. (*) 
P<0.05), (**) P<0.001 (n=3), calculated using one-way ANOVA. 

Late-stage tumors
Late stages (grades III–IV) of liver metastases are 

characterized by high mortality and frequent resistance 
to contemporary treatments. Therefore, our aim was to 
establish a model to investigate these properties as a priority 
for targeted treatment. Figures 6–8 characterize late-
stage tumor development up to 9 weeks after Hep-3B-luc 
inoculation in the left lobe of the liver. The in vivo dynamics 
of tumor development were assessed indirectly by whole-
body biofluorescence and at the end of the experiments 
compared to isolated livers (ex vivo) via NIR fluorescence. 
Furthermore, following the imaging of tumor-bearing livers, 
the tumors were excised under imaging and captured for 
more direct assessment of FDP-DOX-35 pharmacodynamics 
effects and confirmation of particles location. Figure 6A 
illustrates the whole-body bioluminescence of all tumor-
bearing mice leading to large tumors, which corresponds 
directionally to the ex vivo imaging of the tumor-bearing 
livers (Figure 6B). Ex vivo fluorescence imaging of the livers 
confirmed the presence of particles in the livers of all FDP-
DOX-35 treated mice (Figure 6B, upper panel) but tumors 

excised from the livers (panel A) failed to produce consistent 
bioluminescence signals (Figure 6C). A few minor ‘red spots’ 
were observed in two isolated tumors, which are likely 
residual liver tissue still associated with the excised tumor 
(Figure 6C, upper panel). Figure 7 presents biochemical 
functions of the late-stage Hep-3B-luc tumors, suggesting 
preservation of LFT and normal CBC at this late stage. 
However, two mice in the control group had already been 
assigned to euthanasia due to evidence of systemic signs of 
ascites (data not shown). 

Figure 8 provides histological and immunohistochemical 
data on the distribution of particles (FDP-DOX-35) in late 
stage Hep-3B-luc tumors in nude mice. Clear differences in 
the distribution of particles in liver tissue in marked contrast 
to tumor tissue (the latter stained with fluorescence AFP 
antibodies) as illustrated by the yellow dashed line, which 
distinguished the tumor cells (Figure 8A, upper left panel) 
from liver cells stained with H&E (Figure 8A, middle of 
upper panel). Fluorescence microscopy revealed the dense 
presence of particles in the liver zone (Figure 8A (c), B (d) 
yet only few were present in the tumor zone. A detailed 
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Figure 5 Scanning electron microscope (SEM) images of the liver of mice and rats treated with FDP-DOX-34 and FDP-NV-BSA. (A) Mouse were treated 
with 0.8 mg of total FDP-DOX-34 in two equal doses and liver was isolated on day five after injection. The surface of fixed liver tissue slices was analyzed 
using SEM at different magnifications (indicated above each image). Framed areas on lower magnification (yellow dashed lines) indicate images taken at higher 
magnifications. The diameters of the FDP-DOX-34 clusters are marked with red dashed arrows. Diameters of a single FDP-DOX-34 selected are indicated by 
red arrows. The white arrow indicates the central vein. (a, b) and (c, d) represent different images under different magnifications. (B) Rats were treated with 
FDP-NV-BSA (60 mg/kg), and the experiment was conducted at 14 days, as previously described. Twenty-one 5-µm-thick paraffin sections were analyzed after 
deparaffinization. Framed areas indicate the location of particles in liver tissue. The diameters of the FDP-NV-BSA clusters are marked by red dashed arrows. 
(e, f) Different images under the same magnification.
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Figure 6: Distribution of FDP-DOX-34 in the liver and tumors in late stage orthotopic cancer models in nude mice. Hep-3B-luc cells were orthotopically 
inoculated in mice and tumors were allowed to grow for 64 days. On day sixty-five, FDP-DOX-34 was injected intravenously at a dose of 1.2 mg in 0.45 mL 
per mouse. A second (same) dose of FDP-DOX-34 was injected after 24 hours (day 66), and the mice were scarified on day sixty-six, the end of experiment. 
(A) Comparison of the intensity of bioluminescence of the whole-body, isolated liver-bearing tumor, and separated tumor of mice treated with FDP-DOX-34. 
Error bars represent SEM from seven animals (n=7), (*) P<0.05 calculated using one-way ANOVA. (B) Images of whole-body bioluminescence. (C) Images 
of tumor-bearing livers (upper panel) by fluorescence (IVIS). Images by bioluminescence of all inoculated tumor-bearing mice are presented in the middle 
panel; photographic images of ex vivo tumors (lower panel) with yellow lines framing the tumors per se. (D) Images of tumors separated from livers for 
illustration of the fluorescence and bioluminescence of the particles of the tumors.
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Figure 7: Body and tumor weights, liver function tests and selected blood variables of nude mice with experimental Hep-3B-luc cells-induced hepatocarcinoma. 
Hep-3B-luc cells were orthotopically inoculated into mice and the tumor was allowed to grow for 64 days. On day forty-five, FDP-DOX-34 was injected 
intravenously at 1.2 mg in 0.45 mL of PBS per mouse. The same dose was repeated after 24 hours (day 66). Blood was collected and the mice were scarified after 
another 24 hours (day sixty-six, end of the experiment). (A) The body weights of the mice were measured at the beginning of the experiment (day 0) and the end 
point of the experiment of euthanized animals (day 66). Bars present body weights of control animals with developing tumor (n=2) and mice with developing 
tumor treated with FDP-DOX-35 (n=5). (B) Liver function and blood parameters were measured by standard procedures. The error bars indicate SD for control 
mice that were not subjected to tumor inoculation (n=10; data obtained from vendor), and mice with developed tumor and treated with FDP-DOX-35 (n=5). The 
values for control mice with developed tumors are presented as a mean of two animals (n=2). 
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 Figure 8: Representative images of paraffin sections of Hep-3B-luc tumors and liver tissue of mice treated with FDP-DOX-35 in the late-stage study. The 
paraffin sections were stained with AFP and H&E for colorimetric imaging and green fluorescence AFP and DAPI for fluorescence imaging. Fluorescence FDP-
DOX-35 is shown in red. The border between the tumor and normal liver tissue is shown by yellow or pink dashed lines. White arrows indicate accumulated 
clusters of particles. (A) Colorimetric presentation of images immuno-stained with AFP (a), with H&E (b) and red fluorescence identifying FDP-DOX-35 (c). 
(B) Fluorescence images presenting merged colors of immuno-stained with AFP (green), DAPI (blue), and FDP-DOX-35 (red) of normal and tumor tissue (d); 
single red color identifying accumulation of accumulation of FDP-DOX-35 in tumor (e); merged colors of immuno-stained with AFP (green), DAPI (blue), and 
FDP-DOX-35 (red) of normal and tumor tissue (f).

search for particles in tumor tissue by 5-fold magnification 
(Figure 8B, bar code 20 µm) using AFP-stained (green) zone 
(Figure 8B(d)) and fluorescence microscopy (Figure 8B(e) 
revealed few NIR signals (particles) in the tumor zone where 
cancer cells were more dispersed (Figure 8B (f), AFP green 
marked by white arrows). 

Taken together, the above findings provide strong 
evidence of the primary distribution of FDP-DOX in liver tissue 
and only minimal in the tumors’ zones. These histochemical 
data validate the lack of ex vivo NIR luminescence of tumors 
outside the livers shown in Figure 6D (upper panel). 

Dynamic progression of Hep-3B-luc-induced 
orthotopic tumors in nude mice at earlier stages 
post-inoculation 

The paucity of FDP-DOX in late-stage (9 weeks) tumors, 

supported by two independent methods, prompted studies 
aimed at characterizing the earlier stages of orthotopic Hep-
3B-luc liver tumors. Figures 9–11 describe tumor progression 
over 28 days, where a weekly assessment of separate groups 
of mice monitored by whole-body bioluminescence and 
verified by ex vivo imaging of tumors that carried by livers 
using bioluminescence and photographic data. 

Figure 9A presents the bioluminescence of tumors 
monitored on days 7 and 14 after Hep-3B-luc inoculation. It 
is of interest to note that the whole-body bioluminescence on 
either day 7 or 14 is more robust than the bioluminescence 
of isolated livers at the same timepoints. Considering 
that inoculation of cells was directed to the liver equal 
bioluminescence was expected by either method (in vivo 
or ex vivo). However, whole-body bioluminescence on day 
seven was 2.5 times that of ex vivo on day seven, according 
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Figure 9: Characterization of early-stage Hep-3B-luc induced tumors progression in nude mice and liver function tests at days 7 and 14 days after 
inoculation. Measurement of tumor progression was performed on days 7 and 14 in separate groups of mice. (A) Changes in bioluminescence in tumor 
bearing mice measured by whole body, isolated livers monitored by IVIS. The error bars represent the SD of eight animals per group (n=8). (*) P<0.01 
calculated using one-way ANOVA. (B) Bioluminescence images of the whole course over time. (C) Bioluminescence images and photographic view of 
isolated livers of control and tumor-bearing mice. Visible tumors attached to the liver are defined by yellow lines. (D) Liver function tests measured in 
control and tumor-bearing mice on days 7 or 14. The error bars represent the SD of four animas per control group (n=4) and eight animals for tumor-bearing 
animals (n=8). 
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Figure 10: Progression of Hep-3B-luc-induced tumors in nude mice up to 28 days. The study protocol has the same design as that described in the legend of 
Figure 9 with an extension of 2 weeks reaching the subacute stage. (A) Graphic presentation of whole-body bioluminescence (colored bars) and ex vivo images, 
respectively, of tumor-bearing livers (black bars). The error bars represent the SEM of five animals (n=4). (*) P<0.01, (**) P<0.05), (#) P=0.122 calculated using 
a one-way ANOVA. Whole-body images (B) and isolated livers + tumor (C) graphically presented in panel A. (D) Photographic display of isolated liver + tumor 
units. Yellow lines indicated areas of the liver affected by the tumor. (E) Bioluminescence images of non-liver organs from control and tumor-bearing mice 
isolated on day twenty-eight. Yellow arrows indicate metastatic points of tumor cells. 
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Figure 11 Dynamic characteristics of the subacute stage (medium, 28 days) of liver tumors represented by thriving biochemical biomarkers. Hep-3B-luc cells 
(3 x 106) were inoculated into nude mice on day zero. (A) LFT at the point of termination. The error bars indicate the SD from (n= 5). (*) P<0.01, (**) P<0.05) 
calculated using one-way ANOVA for comparison with control. (B) Temporal course of body weight (left graph, biomarker signals) and the mean weight of 
the liver (right graph). Error bars indicate liver-growth on day 28 reaching significance difference from day 7 at P<0.01 by one-way ANOVA. Blue triangles 
represent an alert for possible overestimated body weight at day twenty-eight. 
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to Figure 9B, C. Furthermore, ex vivo luminescence on day 
fourteen was three times that of day seven, while total body 
bioluminescence on day fourteen was only 30% higher 
than day seven. We cannot provide an explanation for this 
peculiarity except for the possibility that over time needed 
for the ex vivo imaging, cell viability, or luciferase enzyme 
activity deteriorated. Figure 9D provides data indicating 
preservation of LFT (on days 7 and 14) despite substantial 
tumor growth according to the photographic data (Figure 
9D).

Figure 10 provides an extended time course (28 days, 
subacute) of Hep-3B-luc tumor development followed 
by similar protocols exercised in Figure 9. Figures 10A, B, 
present whole-body bioluminescence of tumor progression 
supported by ex vivo liver imaging (Figure 10C, D). As 
observed in the early-stage study (1 and 2 weeks), liver 
bioluminescence tracks directionally with total body 
bioluminescence, yet at lower intensity in the earlier periods 
(1 and 2 weeks) but less so in the later part, weeks 3 and 
4. The reason for the delay in tumor growth has not been 
explored. It should also be noted that two mice studied to the 
third and fourth weeks (Figure 10B) showed questionable 
whole-body bioluminescence, but the same mice had robust 
signals when their livers were imaged ex vivo; however, 
inspection of photographic data for visible tumor extension 
from the liver (Figure 10D). Taken together, these data 
strongly suggest the need to apply different methods to 
validate the presence of tumors by bioluminescence beyond 
whole-body bioluminescence. 

Figure 10E presents satellite tumors in three different 
extrahepatic organs (pancreas, kidney, and spleen) on day 
twenty-eight, suggesting the need for a broader survey of 
pathological outcome beyond the liver per se, because the 
identification of metastases in extrahepatic organs impacts 
on therapeutic choices and prognosis in humans. Figure 11 
presents systemic adverse effects related to tumors. LFT, 
which remained normal on day twenty-one of the early-stage 
study (Figure 9) and remained mostly the same in the (more 
prolonged) 28-day subacute study (Figure 10). However, 
on day twenty-eight, a significant elevation of ALT, AST, 
and total bilirubin was documented (Figure 11A) indicating 
pathological consequences associated with tumor-bearing 
livers per se. Because FDP-DOX was not used in the study 
(Figure 10) differentiation of tumor-related adverse effects 
from possible adverse effects of FDP-DOX is cardinal in this 
orthotopic liver cancer model. Furthermore, the preserved 
body weight on day 28 (Figure 11B), was indeed misleading. 
Body weight is preserved due to a significant increase in 
liver weight (due to in situ tumor growth and extrahepatic 
satellite extensions) that obscured the 10% loss of body 
weight experienced on day 28 (illustrated by the blue 
arrowhead and the black line in Figure 11B, left). LFT at the 
end of week three was preserved, except for a mild increase 
in total bilirubin (TBIL). Thus, it is plausible to suggest that 
monitoring pharmacodynamic biomarkers of tumor-related 
biochemical biomarkers should be incorporated in acute 
(early stage) zone. 

Validation of FDP-DOX distribution to the left lobe 

of the liver using MRD regimen prior to Hep-3B-luc 
cancer cells inoculation. 

The orthotopic tumor model chosen for this study was 
generated by direct injection of cancer cells into the left 
liver lobe.  Because the mouse liver has four lobes that differ 
in size, shape, and mass, we verified whether the left liver 
lobe captured at least as much FDP-DOX as the other lobes. 
To optimize particle deposition in the lobe of interest, we 
used an MRD dosing delivered by IV via repeated injection 
to comply with regulatory standards for volume (vehicle) 
administration to mice. Data on the distribution of FDP-DOX 
in the liver at large and in each of its lobes by using whole-
body luminescence is shown in figure 12A, while the ex vivo 
fluorescence of the whole liver and each of its lobes is shown 
in figure 12B. Figure 13 presents fluorescence microscopy 
that localizes the particles within the targeted lobe by NIR; 
its ‘payload’- doxorubicin, by UV-vis and histochemistry for 
the phenotypes of the cells by H&E and DAPI. 

The total body NIR fluorescence of each mouse (n=3) 
demonstrated dose-dependent, graded accumulation of 
particles in the liver (Figure 12A). Particles in the four lobes 
were detected, in which the left lobe presented the highest 
total fluorescence (upper panel, right) stratified by lobe 
mass, equal to the second and fourth lobes (Figure 12B). The 
overall image of the liver and its lobes is presented on the 
lower right of Figure 12B. 

Figure 13 shows histological, histochemical, and 
fluorescence microscopy studies of the left liver lobe 
obtained from control mice (not inoculated by cancer cells) 
14; days after onset of FDP-DOX-34 administration. Fig 13A 
presents H&E-stained slices of naïve nude mice liver cells; 
and the sinusoids system (yellow triangles). Figure 13B(c) 
shows H&E-stained slices obtained from treated mice where 
sinusoids suspected to contain particles were illuminated 
to emit NIR that validate the presence of FDP-DOX in the 
sinusoid (Figure 13B(d) and 13C(f). In section C (Figure 13C 
(g, h) UV-vis light demonstrates the presence doxorubicin 
colocalized with the particles (NIR red) as indicated by 
merged colors (yellow/orange). Yellow arrows in Figure 
13D(k) suggest the presence of free DOX in the cells’ nuclei as 
distinct bright green localized to nuclei only. (Figure 13D(j) 
presents merged color meaning doxorubicin still associated 
with particles (white arrows) while Figure 13D(k) suggests 
free doxorubicin in nuclei marked by yellow arrows. 

Figure 13E(m) presents low magnification of a panoramic 
view of the discrete and merged ‘identities’ of the particles 
per se and the merged NIR and UV-vis for DOX. Figure 13E 
(n, o, p) provides the discrete location of particles. (n) and 
DOX (o) and the merged images (p). It is important to note 
that sections n/o/p clearly favors DOX association with 
particles yet ‘singular green spots’ (p) suggest presence of 
free DOX associated with nuclei. 

Interestingly, the ‘Landscape’ section (m) discloses the 
heterogeneity of particles distribution in the liver sinusoids 
where dense particles’ zones alternate with very sparse 
depositions zones. This heterogeneity may suggest that 
MRD assessed by acute escalation of IV dosing of FDP-
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Figure 12: Distribution of FDP-DOX-34 in the whole liver and in each of its lobes. Mice were injected with 3200 µg/mouse/week of FDP-DOX-34 distributed 
equally once in 48-hour intervals to accommodate volume restrictions. The nude mice were allowed to recover to day fourteen. Control animals received 
injections of equal volumes of PBS. All measurements were made on day fifteen. (A) Whole body bioluminescence was performed on days 1, 3, 5, and 7. (B) 
Weight and fluorescence of all liver and separated lobes of the liver from mice. Separated lobes were marked as follows: (1) left lobe, (2) median lobe, (3) right 
lobe, and (4) caudate lobe. The error bars indicate the SD of three animals per group (n=3). 
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Figure 13: Histological, histochemical, and fluorescent microscopy inspections of paraffin sections of livers obtained from nude mice in search of distribution 
at the cellular and subcellular level after FDP-DOX-34 infusion to normal nude mice. Mice were treated with FDP-DOX-34 (total 3.2 mg per mouse) or 
vehicle (control). Mice were in euthanized after 1 or 2 weeks and livers were isolated for preparation of paraffin sections. The slides were stained with H&E 
for light microscope analysis and DAPI for fluorescence microscope analysis. (A) Images of H&E (a) or DAPI (b) stained liver sections of animals control 
animals (vehicle). Yellow triangles indicate sinusoids. (B) Images of liver sections isolated from animals after 1-week posttreatment time with FDP-DOX-34 
and stained with H&E (c) or DAPI (d). Yellow triangles indicate sinusoids. Arrows indicate accumulated particles. (C) Images of liver sections isolated 
from animal after 2 weeks post-treatment with FDP-DOX-34 and stained with H&E (e) or DAPI (f–h). Yellow triangles indicate sinusoids. Arrows indicate 
accumulated particles. (D) Images of liver sections isolated from animal after 2 weeks post-treatment time with FDP-DOX-34 and stained with H&E (I) or 
DAPI (j–l). Yellow triangles indicate sinusoids. White arrows indicate accumulated particles. The yellow arrows indicate the free DOX accumulated within the 
nuclei. (E) Low magnification with indicated extensions of the liver section stained with DAPI. The images were prepared using three-color imaging (m, n), 
and two-color imaging (o, p). White arrows indicate accumulated particles. The yellow arrows indicate DOX accumulation in the nuclei. The regions framed 
in green indicate areas without particles.
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DOX are far from saturation, as suggested by whole-body 
bioluminescence, and that significant liver reserve may 
allow higher dosing regimens. 

Taken together, the information provided in figures 12 
and 13 strengthen the postulation that deposition of FDP-
DOX in the liver sinusoids desorbs at least some of its the 
‘payload’ (DOX) which, by diffusion, could reach cellular 
elements including tumor cells within Hep-3B-luc tumor 
clusters. 

Pharmacodynamic consequences of FDP-DOX-75 
on progression of orthotopic Hep-3B-luc tumors in 
the livers of BALB/c mice

The data generated by the pilot studies provided 
significant assurance about the key properties of  FDP-DOX 
in respect to: 1) High preferential deposition (94.6 %) in the 
liver, including access to the left liver lobe where Hep-3B-
luc tumor cells are inoculated; 2) preferential distribution of 
FDP-DOX in liver (sinusoids) but very limited amount within 
Hep-3B tumors clusters; 3) MRD dosing regimens  did not 
disrupt LFT or CBC nor were thriving deficiencies noted in 
earlier stages of  tumors’ evolution. While most pilot studies 
were conducted in small groups of mice (n=3–5) and lower 
doses of DOX, taken together, the pilot studies generated 
strong justification for launching the pharmacodynamic 
study. 

Pharmacodynamic effects of FDP-DOX-75 on Hep-
3B-luc-induced orthotopic liver tumors in BALB/c 
mice in an early-stage model

Figure 14 provides the design and sequence of actions 
used pharmacodynamic study, which aimed at evaluating 
the impact of pre-treatment FDP-DOX-75 on Hep-3B-
luc-induced liver tumor inoculated 7 days post FDP-
DOX deposition in the same liver lobe. FDP-DOX-75 was 

administered in four consecutive IV treatments at 24-h 
intervals, supplemented by a fifth dose of 1.3 mg/mouse on 
the day of inoculation. In addition, a half dose of FDP-DOX 
was repeated as maintenance on days 14 and 17, 21 and 
24 days. The end point of the study was arbitrarily pre-
determined for 21 days, to meet the earlier stage tumors, 
but an option to prolong the study after splitting the groups 
on day 21 (50%/50%) so that safety biomarkers (LFT, CBC) 
could be monitored. An extension period was arbitrarily set 
to day 35.

Pharmacodynamic consequences of Hep-3B-luc 
inoculation in the liver pretreated with FDP-DOX-75

Figure 15A presents an exponential progression of 
tumors in the vehicle control group as monitored by whole-
body bioluminescence. The FDP-DOX-75 treated mice 
failed to demonstrate tumor development up to the 28th 
day. On the twenty-one-day whole body bioluminescence 
in the control group was 10.97 folds over the FDP-DOX-75 
treated group and by day twenty-eight 51.45 folds over the 
treated group. Figure 15B provides an individual temporal 
progression of tumors by whole-body bioluminescence of 
each mouse using multivariate and covariate ANOVA with 
repeated measures design up to day twenty-eight. Statistical 
significance was established by SPSS as detailed in the 
methods of data processing. Figure 15C presents trend for 
tumor development in the FDP-DOX-75 treated mice by day 
thirty-five. The emerging tumor growth in the treated group 
on day thirty-five could be a consequence of an escape from 
the pharmacological effects of DOX due to tolerance or lack 
of sufficient drug levels. The detailed causality remains to be 
studied. 

Figure 15D suggest thriving of both experimental groups 
as evident by same body weight throughout the first 4 weeks. 
Figure 15E validates the significant differences between the 

 

Figure 14: Design of the first pharmacodynamic study designed to evaluate the efficacy of FDP-DOX-75 in blocking tumor progression. Color-coded of various 
actions assigned by day are presented in the box panel. Day 21 was designed a priori for the duration of the study, in which 50% of the mice were anesthetized 
for the LFT and CBC tests. All procedures listed along the timeline are detailed in the Methods section. 
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Figure 15: Effect of FDP-DOX-75 on Hep-3B-luc tumor growth in nude mice. Female BALB/c nude mice were inoculated with Hep-3B-luc cells on day 7 after 
completion of 5 consecutive IV injections of FDP-DOX-75 (1.3 mg/mouse) on day 1 and repeated on days 3, 5, 7 and 10. Maintenance doses (0.65 mg/mouse) 
was supplemented on days 14, 17, 21, and 24. (A) Whole-body bioluminescence measured on the indicated days (see Figure 14) using IVIS. The black arrow 
indicates the day of Hep-3B-luc cell inoculation. Yellow wedges indicate days of treatment with full doses of FDP-DOX-75 (1300 µg/mouse). The red wedges 
indicate treatment days with maintenance doses of 0.65 mg/mouse of FDP-DOX-75. The error bars represent SEM mice (N = 10) per group up to day 21, and 
five mice per group (days 24, 28, and 35). (*) P<0.001 and (**) P<0.01 calculated by one-way ANOVA for comparison of FDP-DOX-75 and vehicle control 
groups. (B) Bioluminescence assessment of tumor growth by ANOVA. The lines indicate logarithmic bioluminescence for each animal as an assessment of 
tumor growth. The dotted lines represent the mean luminescence for each treatment and, the shaded area, the 95% confidence interval of the mean as determined 
by multivariate ANOVA after accounting for the variation of the sample. (*) indicates a significant Tukey HSD at α=0.01. (C) Whole-body bioluminescence 
of mice comparing continued growth from days 21 to 35. The error bars indicate the SEM of 10 animals per group (day 21), and five animals per group (day 
35) (*) P<0.01 calculated by one-way ANOVA. (D) Body weights of control and treated mice on days 7, 21, and 28. The error bars indicate the SEM for ten 
animals per group (days 7 and 21) and five mice for day twenty-eight. No statistical differences were identified between the three time points. (E) Presents ex 
vivo bioluminescence of five isolated livers from each of the groups (vehicle controls and FDP-DOX-75) illustrating (upper images of panel F) large disparity in 
tumor growth in the control group. The error bars represent the SEM (N = 5). (*) P = 0.016 calculated by one-way ANOVA. (F) Ex vivo imaging by IVIS of the 
liver in five controls and five treated mice on day twenty-one to verify the whole-body bioluminescence data. The upper panel indicates the consistency of tumor 
sizes in control and was visibly much smaller in the treated animals. The middle panel illustrates ex vivo liver images for NIR in the control and FDP-DOX-75 
treated mice showing particle deposition in all FDP-DOX-75 treated mice and none in the vehicle control (middle panel). The lower panel provides photographic 
illustration of the tumor in all inoculated mice. (G) Liver function and blood parameters analyzed in blood collected on day twenty-eight after inoculation. The 
error bars represent the SEM of 4–5 animals per group. (*) P<0.001 and (**) P<0.01 calculated by one-way ANOVA.
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Figure 16: Effect of FDP-DOX-75 on Hep-3B-luc tumor metastases to extrahepatic organs. Female BALB/c nude mice were inoculated with Hep-3B-luc 
cells on day seven. Full-dose treatment with FDP-DOX-75 (1.3 mg/mouse) was started on day one and repeated on days 3, 5 and 7. Maintenance doses (half 
dose at 0.65 mg/mouse) was supplemented on days 14 and 17. Organs were isolated for bioluminescence (IVIS) analysis on day twenty-one. Yellow arrows 
indicate metastasized tumor from the liver.

control and the treated group based on ex vivo fluorescence 
imaging. However, several CBC variables suggest minimal 
(but significant) elevation of RBC (red blood cells), 
hematocrit, and hemoglobin in the control group. Figure 16 
presents several extrahepatic organs collected on day 21 
where the control group presents evidence for metastases in 
one lung and 2 lesions in the ileum of another mouse. None 
were registered in the treated group.

Validation of FDP-DOX-75 efficacy by direct 
inspection of tumor cell density

Figure 17A provides quantitative histochemical analysis 
of three variables of tumors collected on day twenty-one 
and processed as described in the method section (vide 
supra). All three variables indicate a modest decrease in 
the quantity of tumor cells number in the treated group 
as compared with the control group, backed by statistical 
significance. Figure 17B(a) provides a low magnification 
scan of the liver landscape where several tumors are 
delineated by a dashed line that demarcates the tumors 
within the liver. The five-fold magnification in figure 17B 
(c, d) affirms a paucity of particles in tumor tissue and an 
abundant deposition of FDP-DOX in the liver sinusoids 
based on the fluorescent microscopy representative of DAPI 
stained slices of figure17B (f,g,h). The profile of particles’ 
distribution in the tumor zone versus that in the liver of this 
early stage (3 weeks) model figure 17B (f-h), was consistent 
with the observation made in late-stage tumors (9 weeks) 
where FDP-DOX-35 was infused at the end stage, as depicted 
in Figure 8. 

Exploration of immune-inflammatory cells in FDP-
DOX parcellation in liver and tumor tissues in the 

earlier orthotopic tumor development
The paucity of FDP-DOX particles in the tumor as 

compared to liver raised the possibility that liver and tumor 
macrophages, (not visible by standard histology methods) 
have scavenged FDP-DOX and diminished its visibility in the 
extra-cellular milieu. To explore this possibility, the need 
to differentiate phagocytic cells from parenchymal cells of 
either liver or tumor was achieved by differential staining 
of the macrophages by immuno-histochemistry using CD68 
(a well-known monocytic cells lineage antigen) while tumor 
cells (Hep-3B-luc) were immuno-stained by AFP (as describe 
in the method section vide supra). Figure 18A(a) illustrates 
intense phagocytic response in the liver and tumor Interface 
where CD68+ positive network of ‘spiky’ cells-morphology 
in both the tumor and liver sides of the interface (Figure 18A 
(a, c). Particles were situated in liver sinusoids (Figure 18A, 
(d)) are verified by NIR co-localization (Figure 18B (d)), but 
no NIR could be co-localized with CD68 positive cells. The 
distribution of particles in figures 18B re-capitulates the 
preference of particles deposition in the liver (Figure 18B 
(b, c, d). 

Discussion
The primary objective of this study was to evaluate the 

potential of FDP-NV-700/800nm~DOX (FDP-DOX-75) to 
mitigate the progression of an orthotopic Hep-3-luc tumor 
in BALB/c mice model. The aim of the study was driven by 
the high mortality rate of liver cancer and limited availability 
of therapeutic options especially in late stages of the disease, 
whether of primary or secondary to metastases originating 
from other malignancies such as CRC [53,54]. 

Our interest in targeted delivery of chemotherapeutics 
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Figure 17: Histological, histochemical, and fluorescence microscopy quantitative monitoring tumor cells in control mice treated with FDP-DOX-75 and distribution 
of particles in the liver and tumor tissues. Female BALB/c nude mice were inoculated with Hep-3B-luc cells on day 7 after completion of 54 consecutive IV 
injections of FDP-DOX-75 (1.3 mg/mouse) day 1 and repeated on days 3, 5, 7, and 10. Maintenance dosing (0.65 mg/mouse) was supplemented on days 14 and 
17. Mice were sacrificed on day 21, livers were dissected and fixed with PFA. Paraffin sections were prepared and stained with H&E using standard methodology. 
(A) Graphs present tumor expansion measured by counting a tumor cell number, tumor area, and tumor cell area. Error bars indicate SEM from five animals (n=5). 
(*) P<0.001 and (**) P<0.01 calculated using one-way ANOVA. (B) Images at different magnifications of paraffin sections stained with H&E (a–d) and DAPI 
(e–h), which were used to quantify tumor progression presented in panel A. The green solid line (a), red dashed (b), and yellow dashed (f) lines present a border 
between normal liver tissues (L) and tumor tissue (T). Red triangles indicate sinusoids in the normal liver. Yellow arrows indicate the accumulation of particles. 

by FDP carriers carrier emanated from recent observations 
on highly preferential deposition of FDP-NV-700/800 nm in 
the livers of rodents, in line with a similar observation made 
by other investigators in other animal models [27,19,45,49]. 
The preferential accumulation of FDP-NV in the liver might 
be associated with functionalized negative surface of FDP-NV 
and by the innate biological activity of the reticuloendothelial 
system of the liver and its specialized Kupffer (macrophages) 
cells. These factors ensure rapid clearance of FDP-NV from 
the systemic circulation (T1/2 of ~ 4.5 min in rats) with an 
overall clearance of 85% within 90 minutes after IV infusion 
[21]. These pharmacokinetic properties limit the acquisition 
of blood/plasma ingredients that form a corona around the 
particles that could modify the physical/chemical properties 
of the particles, surface, prolong their circulation time, and 

augment the risk of adverse reactions such as cardiotoxicity. 
Therefore, it is not surprising that the targeted delivery of 
chemotherapeutics by various carriers have already been 
attempted, such as the use of anthracycline drugs carried 
by complex liposomes, polymers, or micelles [35]. However, 
some of these carriers such as DoxilTM are used with the 
intention of prolonging the circulation time of the carrier 
payload in contrast to the transient pharmacokinetics 
of FDP-NV, aimed at fast deposition in the pathological 
target and sustained desorption of therapeutic agents [30]. 
Furthermore, the antigenic properties of liposomes and the 
instability of micelle and polymers are in marked contrast 
to the durability and agnostic biology of FDP-NV [22-23]. 
Prolonged residency of FDP-DOX in the liver and slow 
local disposition of the carried chemotherapeutic agent 
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Figure 18: Distribution of immune-inflammatory elements and particles in the early phase (3 weeks) of Hep-3B-luc tumor progression in nude mice. Female 
BALB/c nude mice were inoculated with Hep-3B-luc cells on day seven after completion of consecutive IV injections of FDP-DOX-75 (1.3 mg/mouse) on day 
one and repeated on days 3, 5, and 7 (see scheme Figure 14). Maintenance dose (0.65 mg/mouse) was supplemented on days 14,17, 21, and 24. Half of the mice 
were euthanized on day 21 for biomarkers of safety (LFT, CBC) and the rest of the mice (N-=5) terminated on day 35. Paraffin blocks were generated with 
livers extracted ex vivo and sectioned at 5-µm-thickness for histological workout. (A) Colorimetric images of immune-stained livers from vehicle-treated mice 
with anti-CD-68 (a); and FDP-DOX-75-treated mice - with and anti-AFP (b). Slices prepared from FDP-DOX-75 treated animals stained with H&E obtained 
at five-fold magnification (c, d). Green dashed lines mark the border between tumor tissue (T) and liver tissue (L). (B) Fluorescence microscope images of 
liver sections obtained from tumor-bearing mice treated with FDP-DOX-75 that illustrate the disparity of particle distribution across a dashed yellow line that 
marks the borders of live/tumor interfaces. (a) Low magnification images with marked by white arrows particles in tumor (T) area, liver area is labelled as (L); 
(b–d) high magnification images with particles (NIR) deposition shown by yellow arrows in the liver area (L) and in tumor (T) area (b), DOX (UV-vis green) 
deposition in the nuclei (DAPI) marked by white arrows (c), merged colors (d).

are paramount to minimize adverse, ‘off target’ effects and 
optimize the therapeutic index.

The experiments described herein adhered to the goals 
of translational medicine by exercising critical ‘Go-No-Go’ 
decision points for risk reduction through validation of all 
key premises. Five pilot studies were designed to confirm 
the assumptions made along the experimental path (Figure 
2) which provided evidence supporting the feasibility and 
successful pharmacodynamic outcomes (Figure 15). Of 
particular importance was the delivery of FDP-DOX in the site 
of interest (malignant tumor cells deposition) where DOX is 
desorbed and diffused into the cancer cells, leading to their 
elimination. Therefore, by design, FDP-DOX had an a priori 
advantage, a condition that differs from the clinical situation 
where treatment is conditioned on the presence of tumors 
as defined by standardized imaging methods, pathology and 
biochemical biomarkers methods [54,55]. Therefore, the 
design of the pharmacodynamic study mainly aimed to prove 
that in the presence desorpted DOX from FDP-DOX-75 at the 
location to which cancer cells are inoculated, the replication 

of cancer cells  and tumor formations are retarded and that 
the dosing regimen applied preserve liver functions and key 
hematological biomarkers.

The emergence of tumors growth at the end of week 
seventh week (Figure 15C) could well be the consequence 
of insufficient free DOX which likely was degraded and 
cessation of treatment. Rapid metabolism of DOX by 
liver and cancer cells are is a well-known primary route 
of clearance of anti-neoplastic agents. Therefore, more 
prolonged treatment with an increased “payload” (higher 
dose per mg particles) might extend the pharmacological 
impact. Other mechanisms that might have contributed to 
the emergence of tumors in late stages could be attributed 
to emergence of tolerance/resistance to chemotherapeutic 
agents, a phenomenon known in HCC. 

A more obvious, plausible, and pertinent condition 
for tumor resurgence in FDP-DOX treated mice could be 
found in data presented in Figures 13E(m), 17B(e), and 
18B(d). In three independent experiments a panoramic 
display of particle distribution after IV infusion revealed 
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substantial heterogeneity of FDP-DOX distribution. This 
high heterogeneity was observed in mice exposed only to 
FDP-DOX (Figure 13E(m) and those who were exposed to 
similar dosing regimens while harboring Hep-3B-luc liver 
tumors (Figure 17B and Figure 18(e). In Figure 13E(m), the 
panoramic view of particles’ distribution illustrates areas of 
dense FDP-DOX deposition and zones with sparse FDP-DOX 
depots (circled by yellow dashed lines). These observations 
suggest that the liver retention capacity exceed significantly 
over the acute MRD, and that increasing the FDP-DOX 
dosing mass might enhance drugs delivery and improved 
therapeutic outcome.

Data presented in Figure 18A (a, c) illustrate robust 
immune-inflammatory reaction typified by CD68-positive 
cells at the interface of the liver and cancer borders. 
Figure 18B(a) illustrates a significant increase in FDP-DOX 
deposition in tumor zones marked by white arrows. 

The mechanism(s) by which FDP-DOX-75 arrested Hep-
3B-luc tumors’ development observed in our orthotopic 
HCC model is complex. The paucity of FDP-DOX in the tumor 
clusters shown in the late stage (9 week) and in the earlier 
stages (2-3 weeks), suggests an indirect mode of action. 
Because FDP-DOX was deposited in the liver sinusoids, an 
anatomical element specific to the liver (no such anatomical 
element exists in tumor tissue), the ‘arrest and hold’ of 
tumor growth (Figure 15) is likely due to DOX diffusion 
from DOX desorbed in the sinusoids which afforded DOX 
diffusion into the tumor clusters. Figure 13E(o) provides 
data generated in FDP-DOX treated mice suggesting the 
presence of DOX in the nuclei of liver cells. We postulate 
the same process could well take place in cancer cells. This 
observation raises the concern that healthy liver cells could 
well become a ‘collateral damage’ of FDP-DOX treatment, 
although no interference with LFT was observed in the 
early and medium terms of the orthotopic model (up to 4 
weeks). Therefore, FDP-DOX carriers might be an optimal 
adjunct to trans catheter ablative methods. In reference to 
the possibility that FDP-NV per-se harm normal liver cells, 
our in vivo, ex vivo and in vitro studies as well as results from 
other researchers reported high biocompatibility compared 
to lipid, micelles, polymers, and inorganic carriers [17,21-
23,26,33,36,48].

Taken together, the pharmacodynamic study presented in 
this manuscript has clearly demonstrated that FDP-DOX-75 
administered intra-venously impaired the development of 
the orthotopic tumor while preserving normal LFT and CBC 
Our study also suggests that direct to tumor injection of 
FDP-DOX might be a superior to systemic injection of FDP-
DOX for both efficacy and safety benefits.

Conclusion
The present studies investigated whether FDP-NV-

700/800nm can serve as a carrier for chemotherapeutics 
(e.g., doxorubicin) for liver cancer metastases. This study 
is an unprecedented attempt to explore properties of sub-
micrometer fluorescent nanodiamonds in this model. This 
study also validates the properties of FDP-NV-700/800nm, 
including its distribution patterns and the utility of NIR 

imaging in experimental oncology. Follow up studies are 
necessary to optimize treatments regimens, safety, and 
tolerability over long term periods. These experiments, in 
summation encourage continuation of the program toward 
clinical utility using direct to tumor injection. Finally, the 
prospect of direct to tumor injection of FDP-DOX or other 
ligands, suggest that this technology could spare the embolic 
component of the TAE (Trans Arterial Embolism) of TAE/
TACE procedure and reduce risks of severe adverse events 
associated with the embolic procedure.
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