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Background: We recently reported on preferential deposition of bare fluorescent diamond
particles FDP-NV-700/800nm (FDP-NV) in the liver following intravenous administration to
rats. The pharmacokinetics of FDP-NV in that species indicated short residency in the
circulation by rapid clearance by the liver. Retention of FDP-NV in the liver was not
associated with any pathology. These observations suggested that cancer therapeutics, such
as doxorubicin, linked to FDP-NV, could potentially serve for anti-cancer treatment while
sparing toxicities of peripheral organs.

Purpose: To generate proof-of-concept (POC) and detail mechanisms of action of doxor-
ubicin-coated FDP-NV-700/800nm (FDP-DOX) as a prospective chemotherapeutic for meta-
static liver cancer.

Methods: FDP-DOX was generated by adsorption chemistry. Experimental design included
concentration and time-dependent efficacy studies as compared with naive (baren) FDP-NV
in in vitro liver cancer cells models. Uptake of FDP-NV and FDP-DOX by HepG-2, Hep-3B
and hCRC organoids were demonstrated by flow-cytometry and fluorescent microscopy.
FDP-DOX pharmacodynamic effects included metabolic as well as cell death biomarkers
Annexin V, TUNEL and LDH leakage. DOX desorpted from FDP-DOX was assessed by
confocal microscopy and chemical assay of cells fractions.

Results: FDP-DOX efficacy was dose- and time-dependent and manifested in both liver
cancer cell lines and human CRC organoids. FDP-DOX was rapidly internalized into cancer
cells/organoids leading to cancer growth inhibition and apoptosis. FDP-DOX disrupted cell
membrane integrity as evident by LDH release and suppressing mitochondrial metabolic
pathways (AlamarBlue assay). Access of free DOX to the nuclei was confirmed by direct
UV-Visible fluorescent assay and confocal microscopy of DOX fluorescence.

Conclusion: The rapid uptake and profound cancer inhibition observed using FDP-DOX in
clinically relevant cancer models, highlight FDP-DOX promise for cancer chemotherapeu-
tics. We also conclude that the in vitro data justify further investment in in vivo POC studies.
Keywords: liver cancer cell-lines, human colorectal cancer organoids, fluorescent diamond

particles-NV-700/800nm, doxorubicin, apoptosis

Introduction

Nanomedicine is the latest evolution of rapidly advancing pharmaceuticals and
materials sciences as witnessed by over 30,000 publications posted on PubMed at
the close of 2020. Nanomedicine has already been interwoven within many medical
applications using diverse materials, additives, and conjugated composites.’ In
fact, this relatively new discipline is fulfilling the “third leg” for pharmaceuticals
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innovations beyond small organic molecules and proteins
therapeutics. The legitimacy of nanomedicine has already
been “stamped” by clinical applications approved by the
US Food and Drug Agency (FDA) and international reg-
ulatory agencies.®* "

No other medical discipline exceeds oncology in its
intense and diverse explorations of nanomedicine in treat-
ment and diagnosis of cancers. Combined imaging, tar-
geted delivery, and treatment (“Theranostics”) using
traditional and novel chemotherapeutics stand to diminish
“off target” toxicities while preserving efficacy.'' "
Furthermore, engineered organic and non-organic fluores-
cent nano-carriers are offering alternatives for extra-
corporeal imaging in lieu of hazardous radiation, radio-
activity, high costs, and non-ambulatory setting (e.g., mag-
MRI).

contemporary carriers such as liposomes

netic  resonance Furthermore,

16,17

imaging,
and co-
polymers'®'® have “blazed the trail” by delivering clini-
cally successful drugs yet are still marred by deficiencies
such as stability, biocompatibility, and durability.'” Among
novel fluorescent reagents, nanodiamond particles contain-

20 and

ing color centers exhibit extraordinary photostability
the capability to sense external magnetic, electrical, and
thermal fields of cellular environments®' while displaying
high biocompatibility.>> Moreover, fluorescent nanodia-
monds (FNDs) containing nitrogen-vacancy (NV) centers
can be used as dual-mode contrast agents which can be
visualized both in fluorescence imaging as well as in MRI
due to optically induced '*C hyperpolarization in diamond
particles with a benefit of substantial accelerated image
acquisition in wide-field scenarios.”> FNDs are increas-
ingly used as contrast agents and quantum probes for
in vitro and in vivo research and in the development of
therapeutics.”**>

Contemporary trends seek low nanometer (1-100 nm)
carriers driven by the regulatory quest for safety by excre-
tion of smaller size particles through physiological routes —
the renal and biliary system." In this respect, FDP-NV-700/
800nm (the subject of our research and development) are
contrarian to contemporary trends for their apparent long-
term retention in the targeted organ.

We have recently observed that FDP-NV-700/800nm
(FDP-NV) infused via the jugular vein to intact rats are
almost exclusively deposited in the liver, a minor fraction
in the spleen, and virtually none in lung, kidney, heart, and
brain.’*?” Acute pharmacokinetic study (in intact rats)
established short residency time in the circulation with
Ty (“half-life” < 5 minutes) due to fast clearance from

the circulation and removal by the liver (> 95% within 20
min).?*” While liver depositions of nanodiamonds parti-

cles (NDP) are well known,”**

the speed, extent, and
prolonged retention along with exceptional biocompatibil-
ity of FDP-NV-700/800nm are uniquely differentiated

from single or double-nm
2527

scales of nanodiamonds
particles.

The liver is a frequent site of cancer metastasis across
several malignancies, including colorectal, pancreatic,
breast, and lung cancers.>* > In particular, the liver is
a sentinel organ for colorectal cancer metastasis and is
the ultimate cause of death in most cases.>? Hence, there
is an unmet medical need and urgency to develop both
diagnostic tools and therapeutic regimens for early diag-
nosis and highly effective treatment at early stages of the
disease. Within this context, we aimed first to establish
“proof-of-concept” support for employing FDP-NV as
a carrier of doxorubicin for advanced liver metastatic dis-
ease. We have chosen to deploy doxorubicin-coated FDP-
NV (FDP-DOX) due to extensive information on the suc-
cessful deployment of a variety of carriers of anthracycline
compounds for clinical treatment of various cancers, such

as paclitaxel 34-36

(Taxol) and doxorubicin (Doxil).
Prominent among the carriers that reached clinical devel-
opment and further on were registered for treatment of
patients with metastatic cancer are lipid carriers in the
form of liposomes.*® However, Doxil (a modified
PEGylated liposome-based carrier of doxorubicin) and
related composites still suffer from pharmacological
shortages such as systemic adverse effects, limited stabi-
lity, and immune response (e.g., Doxil) which do not occur
in FDP-DOX.*"* Also, none of the lipid carriers provide
targeted imaging of the specific pathology. Nanodiamonds
might offer opportunities to reduce “off target” adverse
events, high biocompatibility, durability, and flexible to

such as 39-44

diverse  ligands chemotherapeutics.
Affording imaging of the targeted tumor by using extra-
corporeal near-infrared (NIR) monitoring technology
stands to revolutionize scanning of pathological targets
by non-radiation and non-radioactive methods. Moreover,
nanodiamond particles carrying DOX have already shown
promising potential in elimination of cancer cells in
in vitro and in vivo models.**** The specific objectives
of the experiments presented in this manuscript should be
viewed as in vitro “proof of concept” aimed to “pave the
way” for in vivo studies of cancer models and further on,

clinical development.
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Materials and Methods

Material

Fluorescent Nanodiamond Particles
FDP-NV-700/800nm (FDP-NV) surface functionalized by
carboxylation were obtained from Adamas
Nanotechnologies, Inc. (Raleigh, NC). The particles were
synthesized by a high-pressure, high temperature approach
and fluorescence properties induced by formation of NV
color centers at a level of ~3 ppm.® Fluorescent diamond
particles containing NV provide red-to-near-infrared fluor-
escence with peak emission at 680—700 nm and can be
excited in a broad range at 520-600 nm with a peak
excitation at ~570 nm. Two types of particles were
deployed: (1) naive/bare (FDP-NV) and (2) FDP-NV
-700/800nm coated by various loads of doxorubicin (FDP-
DOX). Both products were provided as sterile, dry

powder.

Source of Cell Lines

HepG-2 liver cancer cells were purchased from ATCC
(Manassas, VA 20110, USA) and Hep-3B liver cancer
cells from Sigma (St. Louis, MO, USA). Patient-Derived
Tumor (PDT), human colorectal cancer (hCRC) organoids
line 18SH112T was obtained from the Hudson-Monash
Cancer Center, (Melbourne, Australia) where all organoid-
based studies are performed under proper authorization.

Methods

Coating of FDP-NV with Doxorubicin

Coating of FDP-NV with doxorubicin (DOX) and its
impact on physical-chemical properties have been reported
previously.>® The procedure involves incubation of the
particles with DOX in the presence of NaOH (sodium
hydroxide) of FDP to DOX
determines the degree of loading. To evaluate DOX

where the ratio

adsorption, the DOX concentration in the reaction was
100 pg FDP-NV
(Figure 1A). Based on the results of the adsorption in

varied from 5 to 250 pg per

Figure 1A, DOX adsorption on the particles was per-
formed for high, medium, and low doses using respec-
tively 200 pg, 150 pg, and 50 pg DOX per 100 pg FDP-
NV yielding coatings of densities 35 pg/mg (60 nmol/mg),
11 pg/mg (19 nmol/mg), and 1.8 ug/mg (3 nmol/mg), as
summarized in Table 1. A stock solution of DOX HCl
(MedKoo Biosciences, Morrisville, NC) was prepared at
0.5 mg/mL and sterilized through a 0.2 pm filter. The
DOX stock solution was added to sterile (autoclaved)
FDP-NV (0.2 mg/mL) to produce a desired DOX: FDP

ratio, e.g. 2:1 (200 pg DOX per 100 ug FDP-NV) for the
highest loading dose, in DI water. 1M NaOH was then
added at a final reaction concentration of 2.5 mM causing
color shift from orange/red to deep purple (Figure 1B).
The solution was stirred for 15 minutes and then centri-
fuged (5 min., 10,000 x g). Supernatant was decanted and
pellet resuspended and loaded into Eppendorf tubes where
they were pelleted again and dried (in vacuo). Particles
were then characterized by dynamic light scattering (DLS,
Malvern Panalytical Ltd, Malvern, UK) as depicted in
Figure 2. Pelleted DOX-loaded particles were reconsti-
tuted and monitored directly via UV-Visible spectroscopy
(Lambda 35, PerkinElmer, Waltham, MA).

Desorption of DOX from Suspension of FDP-DOX
by pH and Sonication

Desorption studies followed principles detailed in pre-
viously published protocols.***” Aliquots of FDP-DOX
were suspended in phosphate buffered saline (PBS, pH =
7.4) at a concentration of 0.8 mg/mL in either PBS pH =
7.4, pH = 6.0 or pH = 5.5 (PBS titrated with 6 M HCI).
FDP-DOX suspension was kept at 37°C (to mimic phy-
siological conditions), followed by 15 s of horn ultra-
sonication (to obtain optimal FDP-DOX dispersion).
Aliquots of 50 uL were tested for free DOX starting at
1.5 min post FDP-DOX suspension followed by 5 repeats
throughout 90 min (Figure 1D). At each time point FDP-
DOX were sedimented and supernatant removed and
tested for desorpted DOX by UV-Visible. Since FDP-
DOX were routinely sonicated prior to application into
cell culture medium, we further characterized the impact
of sonication on DOX desorption in various solutions and
duration of sonication including cell culture media used
for liver cancer cells culture.

Effect of FDP-DOX on Metabolic Activity of HepG-2
Cells Measured by AlamarBlue Fluorescent

The AlamarBlue (AB) assay is designed to test cell viabi-
lity and cytotoxicity in a range of biological and environ-
mental systems.***’ The AB assay is based on the
detection of activity of reductases, present in the mito-
chondria and cytoplasm, such as diaphorases, NAD(P)H:
quinone oxidoreductase or flavin reductase. The active
compound of the AB assay is resazurin, a non-
fluorescence dye, which is converted into strong pink
fluorescence by reductases. The AlamarBlue (AB) assay
was preferred for this task based on studies that demon-
strated advantages of AB over the MTT test.*’ In brief,
HepG-2 were cultured in Eagle’s Minimum Essential
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Medium (EMEM, ThermoFisher Sci. Waltham, MA,
USA), supplemented with 10% fetal bovine serum (FBS)
(ThermoFisher Sci.) supplemented with penicillin/strepto-
mycin (ThermoFisher Sci.). Cells were seeded on a 96-
well plate at a density of 1x10* cells per well in 100 pL of
complete growing medium (EMEM containing 10% FBS)
and allowed to attach overnight by incubation at 37°C in
5% CO,. Media were changed to one containing free
DOX, or FDP-DOX or naive FDP-NV in 150 pL of
complete cell growing medium. Media were removed
and cells were washed with 200 pL of FBS-free DMEM.
AB reagent (ThermoFisher Sci.) was diluted 1:10 in FBS-
free DMEM and added to the 150 puL wells, according to
previously published method. The 100 pL of liquid from
each well were transferred to the corresponding wells of
separate empty plates for fluorescence reading. That pro-
cedure is required to eliminate dispersion of fluorescence
light on the attached on the bottom of the wells cells and
particles. Plates were incubated at 37°C in 5% CO, atmo-
sphere for 1 h. Plates were read using fluorescence micro-
plate reader (BioTek FLx800) with 485 nm excitation and
560 nm emission. Fluorescence was recorded in FDP-
DOX treated cells and plotted as a ratio of the control
(no FDP-DOX).

Effect of FDP-DOX on Lactate Dehydrogenase
Release by HepG-2

Lactate Dehydrogenase (LDH) assay followed previously
published methods.’*>! Briefly, reagent A was composed
of 4 mM iodonitrotetrazolium chloride (INT) in 0.2
M Tris-HCI, pH 8.2. Reagent B was composed of 6.4
mM beta-nicotinamide adenine dinucleotide (NAD)
sodium salt and 320 mM lithium lactate in 0.2 M Tris-
HCI, pH 8.2. Cells were seeded on the 96-well plates and
treated with free DOX or FDP-DOX using the same con-
ditions as described for the AB assay. Following incuba-
tion, 50 uL of media from each well were transferred into
a new plate, and 50 pL of assay reagent added to each
well. Plates were incubated for 1 h under a cover (dark)
and at room temperature. The reaction was terminated by
adding 50 pL of 1 M acetic acid to each well. Plates were
read using an ELISA plate reader (BioTek ELx800) at 490
nm wavelength against blank wells containing only cell
culture media. Results were calculated as “test article
divided by blank” (culture media only).

Effect of FDP-DOX on Annexin V Expression in
HepG-2 Cells

Association of de novo annexin expression is amply docu-
mented in a broad variety of cell stress conditions leading
to apoptosis and necrosis.”*>* We have resorted to histo-
chemical assays for annexin V detection in FDP-NV and
FDP-DOX treated cells and followed principles previously
reported.’* HepG-2 cells were seeded on 96-well plates
and treated with various dosing regimens of free DOX,
FDP-NV and FDP-DOX over 24 h. Following incubation,
the wells were washed with 200 mL of the annexin-
binding buffer (10 mM HEPES, 140 mM NacCl, and 2.5
mM CaCl,, pH 7.4). Annexin V FITC-conjugate stock
solution (ThermoFisher Sci.) was diluted 1:10 in annexin-
binding buffer and applied to each well (100 pL). After
incubation for 15 min at room temperature cells were fixed
with 4% PFA for 30 min at room temperature. Nuclei were
stained by the standard DAPI method and cells were
imaged using fluorescence microscope (Olympus 1X81)
with 10x objective. Annexin V positive cells were distin-
guished by intensity of green (FITC) fluorescence, and
FDP-NV were visualized using TRITC (red fluorescence).

Effects of FDP-DOX on HepG-2 and Hep-3B
Nuclear DNA Integrity Using TUNEL as Biomarker
The TUNEL (terminal deoxynucleotidyl transferase dUTP
nick-end labeling) assay was performed using the fluores-
cence of the In Situ Cell Death Detection Kit (Sigma Inc.)
according to the manufacturer’s instructions and published
protocols.”>>” Briefly, HepG-2 cells or Hep-3B were
seeded in 96-well plates and allowed to adhere overnight.
Thereafter, cells were treated with FDP-NV or FDP-DOX
(at various DOX coatings) using the same conditions as
described for the AlamarBlue assay. After 24 h of incuba-
tion, cells were washed with PBS and fixed with 4%
paraformaldehyde (PFA) for 30 min at room temperature.
Cells were permeabilized by 0.1% Triton X-100 in 0.1%
sodium citrate solution while placed on ice for 2 min and
50 uL of TUNEL reaction mixture was added followed by
1 h incubation at 37°C in a humidified atmosphere.
Thereafter, plates were washed 3x with PBS pH = 7.4
and analyzed by fluorescence microscopy (Olympus
IX81) using 10x objectives. TUNEL positive nuclei were
visualized by green fluorescence (FITC), whereas FDP
were visualized using TRITC channel (red fluorescence).
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Figure | Absorption and desorption of DOX from particles surface under different experimental conditions.

Notes: (A) Concentration dependent efficiency of absorption of DOX on the FDP-NV surface. Dashed lines indicate the conditions of adsorption used for the preparation
of three different loads of FDP-DOX. Error bars represent SD from triplicated samples. (B) Picture of lyophilized pellets of naive FDP (FDP-NV) and particles adsorbed on
the surface DOX (FDP-DOX). (C) Schematic view of procedural steps of desorption DOX from FDP-DOX in different time points under two pH conditions. (D) Graph
representing results of desorption of DOX from FDP-DOX under conditions presented in scheme (C). Error bars represent SD of triplicate samples. *P < 0.001 for
comparison with pH = 7.4; #P < 0.05 for comparison with the lowest time (1.5 min) using one-way ANOVA. (E) Graph presenting the increases of desorption of DOX from
1.5 min to 90 min for each pH value. Error bars represent SD of triplicated samples. *P < 0.001, **P = 0.005 calculated using one-way ANOVA. (F) Effect of different
sonication times on desorption of DOX from FDP-DOX suspended in PBS pH =7.4, or HepG-2 culture media. Samples were centrifuged (16,000 x g at room temperature)
immediately after sonication, and fluorescence of supernatants was measured using 480 nm Ex and 590 nm Em wavelengths. Free DOX found in the supernatant, calculated
as percent of DOX adsorbed on the particles (FDP-DOX-35) matched to a standard curve of free DOX executed in parallel. Error bars represent SD from triplicate
samples. *P < 0.001 in one-way ANOVA.

Abbreviations: FDP-NYV, fluorescence diamonds particles with NV active centers; DOX, doxorubicin; PBS, phosphate buffered saline; Ex, excitation; Em, emission; SD,
standard deviation.
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Table | Dynamic Light Scattering of FDP-NV and FDP-DOX and Ability of DOX Adsorption by Particles
Particle Functionalization Z-Average Z-Potential Desorption from 28 pg/img DOX Efficiency of
(nm %= SD) (N (mV £ SD) (N at 90 min (% x SD) (N = 3) Coating Coating (%)
=3) =3) (ng/mg)
FDP-NV Carboxylation 655 + 15 -19+£03 N/A N/A N/A
enrichment
FDP- Carboxylation 765+ 6 +40 = 0.5 pH7414+04 35 1.75
DOX enrichment and DOX pH 6.054 £ 0.3 I 0.73
adsorption pH 5568 +0.2 1.8 0.36

Notes: Data represent mean from three independent experiments; Efficiency of coating defined as percentage of DOX loaded compared with DOX amount in incubation

solution.

Abbreviations: FDP-NV, fluorescence diamonds particles with NV active centers; DOX, doxorubicin; SD, standard deviation; N/A, non-applicable.

Monitoring Free DOX in Separated Nuclei and
Cytosol Fractions of FDP-DOX Treated Hepatic
Cancer Cells

Fractionation of HepG-2 and Hep-3B into cytosol and
nuclei fractions was aimed to prove the presence of free
DOX in nuclei of cells treated with FDP-DOX. To this
end, treated cells were fractionated into cytosol and nuclei
fractions immediately after completion of the incubation
period. These data were considered important since FDP-
NV are not expected to be transported into the nucleus, yet
evidence of TUNEL suggested DOX presence and action
in the nuclei. The protocol used for fractionation of each
of these cells followed methods reported elsewhere.’®
Briefly, cells were seeded into 6 cm cell culture dishes
and grown to 80-90% confluency. Cells were exposed to
FDP-DOX-35 or free DOX (5-20 uM) for 24 h. Cells
were detached using TripleEx and treated with 0.5 mL of
“cytoplasm extraction buffer”.”® Supernatant was collected

(cytoplasmic fractions) while pellets were suspended in
“nuclear extraction buffer”.>® Aliquots of each fraction
(100 pL) were transferred to a 96-well plate along with
varying concentrations of free DOX to serve for standard
curve. DOX fluorescence was measured by Tecan Infinite
200 PRO (Tecan AG, Ménnedorf, CH) instrument set for
480 nm excitation and 590 nm emission. Fractions were
adjudicated via Western Blot; for cytosol MEK, and nuclei
Lamin A/C.

Imaging of DOX Accumulation in the Nuclei by Confocal
Microscope

Hep-3B cells were seeded on the 8-well glass chamber
slide (ThermoFisher Sci.) at density 5x10* per well and
allowed to adhere overnight. Cells were treated with FDP-
DOX or FDP-NV at density 50 pg/mL in 400 uL per well
of cell culture medium for 24 h. Cells were fixed by
incubation with 4% PFA for 30 min at room temperature

A
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P, || I C— [T ST, eeaff
N 765 £5 nm
® 10 ..................... R aTTE e B, o s et G
B :
E 5 ............................................................

10 100 1000
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— FDP-NV — FDP-NV

B

- Zeta Potential Distribution
o 600
2 00440 % 0.5 mV
2 O o my
g 300 Sesser
8 200

100

200 400 0 +00 +200

C-potential (mV)
— FDP-NV — FDP-NV

Figure 2 Zetasizer analysis of FDP coated or not with DOX.

Notes: (A) Size distribution of FDP performed using DLS technique. Numbers present average values of FDP + SD from three independent measurements. P < 0.001 by
one-way ANOVA analysis of values between particle types. (B) (-potential analysis. Numbers present average values of FDP + SD from three independent measurements.

P < 0.001 for one-way ANOVA analysis of values between particle types.

Abbreviations: FDP-NV, fluorescence diamonds particles with NV active centers; DOX, doxorubicin; DLS, dynamic light scattering; SD, standard deviation.
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and treated with DAPI. Slides were analyzed by scanning
confocal microscopy FV1000 (Olympus, Tokyo, Japan)
using 60x oil immersion objective, as previously
described.”” DOX was visualized in green using laser
excitation light 488 nm and 541-591 nm emission,
whereas FDP were visualized in red using 543 nm excita-
tion and 655-755 nm emission. DAPI was visualized in
blue. Images were processed for the overlapping colors

using ImageJ software.

Uptake of FDP-DOX by Patient Derived Tumor
(PDT) Colorectal Cancer Organoids in Culture and
Their Effect on Cells’ Metabolism and Viability
Organoid Culture and Maintenance

PDT colon organoids 18SH112T (colorectal cancer orga-
described
previously.””®® CRC organoids were grown in complete
organoid media, consisting of Advanced DMEM/F12
(GIBCO), supplemented with 1X B27 (GIBCO), 1X N2
(GIBCO), 100 pg/mL Primocin (InvivoGen), 50 ng/puL
recombinant human EGF (Peprotech, NJ, USA), 10 nM
Gastrin (Sigma Inc.), 500 nM A83-01 (Tocris Bioscience,
Bristol, UK), 1.25 mM N-acetylcysteine (Sigma-Aldrich),
10 mM nicotinamide (Sigma Inc.), 20% Noggin condi-

noids) were maintained in culture as

tioned media, 10% R-Spondin 1 conditioned media and
10% Wnt3A conditioned media.

Experimental Layout and Plating

Organoids were harvested at day 5 and seeded at a density
of 250 organoids/well in 24-well plates and allowed to
settle overnight. FDP-DOX and FDP-NV were prepared
in concentrations of 0.15 mg/mL, 0.04 mg/mL, 0.01 mg/
mL. The particles were added to the respective wells in
duplicates for an AlamarBlue cell viability and prolifera-
tion assay (vide supra), and flow cytometry analysis.

Cell Viability and Proliferation Assay

Organoids were treated for 4 days with either FDP-DOX
or FDP-NV with the respective concentrations. The test
articles were replaced with fresh complete organoid media
on day 4 of the assay. Organoid viability and proliferation
were assessed using the AlamarBlue™ HS kit (Thermo
Fisher, Sci.) on day 7 of the experiment. The cultures were
incubated with AlamarBlue (diluted 1:10) at 37°C for 2.5
h. Viability was determined by change in fluorescence
intensity, monitored by ClarioStar plate reader, at an exci-
tation between 530-560 nm and emission of 590 nm. The

results were analyzed as percentage viability of treated
groups against the PBS treated control group.

Flow Cytometry Analysis

Organoids treated with 0.15 mg/mL FDP-DOX and FDP-
NV were harvested at 2, 6, 24 and 48 h. Briefly, media
containing the particles were removed and the wells
washed twice with 1X DPBS (Sigma Inc.) to remove any
residual FDP particles. Organoids were harvested and dis-
sociated into single cells by enzyme digest with TrypLE™
Select Enzyme (1X) (GIBCO) for 10 min at 37°C, fol-
lowed by gentle mechanical pipetting and trituration with
a 27 G 1% inch needle. Cells’ pellets were resuspended in
1X PBS supplemented with 2% FBS, and the suspension
cell culture was collected into a 35 um strainer tube and
stained with DAPI
ThermoFisher, Sci.) for 10 min. Cells were sorted with
the LSRFortsea X-20 and the results analyzed with the
FlowJo v10.7 software.

(4',6-diamidino-2-phenylindole,

Data Analysis and Statistics

Unless mentioned otherwise, all experiments were carried
out in triplicate with at least 3 independent repeats. Data
are presented as mean + SD, as indicated in the figure
legends. Statistical analyses were done by ANOVA (where
appropriate) using SigmaPlot software (SigmaPlot® 12
SPSS, Systat Software Inc., San Jose CA, USA).
Statistical significance was established at a value of
P < 0.05.

Results
Physicochemical Characteristic of
FDP-NV and FDP-DOX by Dynamic Light

Scattering (DLS)

Z-average and {-potential of FDP-NV and FDP-DOX are
depicted in Figure 2 (FDP-NV green and FDP-DOX red)
and Table 1. Z-averages of FDP-DOX increased by 110
nm compared with FDP-NV (p< 0.001, N = 3). (-
potential of FDP-NV (Table 1) changed from —19 mV
+ 0.3 mV to +40 mV £ 0.3 mV for FDP-DOX (mean and
SD respectively, p<0.001, N = 3). The increase in FDP-
DOX diameter is attributed to high surface loading as
observed in studies done by others using similar proto-
cols albeit with much smaller nanodiamonds particles
(NDP).*’ As an example, nanodiamond with Z-average
of 50.7 nm + 3.3 nm assumed Z-average of 93.1 nm =+
8.2 nm following daunorubicin coating.** Diamond
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particles are well-known to readily adsorb molecules
with conjugated electronic systems (e.g. aromatic hetero-
cycles and related compounds) through interactions with
their conjugated 7 systems, in conjunction with hydrogen
bonding.>> The presence of protonated amines as part of
their chemical formula of anthracycline compounds is
considered the cause of the positive charge. The signifi-
cance of positive surface charge conveyed by the “tax-
ane” payloads increases solubility of nanodiamond-drug
complexes in water due to water molecules having
a greater affinity for forming hydration shells around
charged complexes compared with neutral molecules.*

Adsorption of DOX onto FDP-NV-700/
800nm and Desorption of DOX from
FDP-DOX Under Various Conditions

As a consequence of the adsorption process described in
the Methods section and illustrated in Figure 1A, three
different FDP-DOX loads were generated based on vary-
ing DOX:FDP ratios for targeted loading densities.
Loading densities determined by direct UV-Visible mea-
surements of the particles, yielded 35.7 + 0.2, 11.2 + 0.6,
and 1.8 + 0.3 pg DOX per mg of FDP, for the high,
medium, and low doses, respectively. The efficiency of
the coating process was 1.75% for FDP-DOX-35 pg/mg
particles, 0.73% for the medium load and 0.6% for the
lowest load as presented in Table 1. Loads of DOX on
particles presented as FDP-DOX-X, where X = amount of
ng loaded per mg particles mass (e.g., FDP-DOX-35 etc.).
While the efficiency of the coating process we observed is
lower compared with the 57% efficiency demonstrated by
Chow et al.” for DOX loading on 5 nm particles (at 1:1
ND:DOX ratio, slightly different form the one used here),
the result is not unexpected due to the large size of the
FDP-NV particles. The specific surface area (SSA) of
spherical 700/800 nm particles is ~140x less than 5 nm
particles for a constant mass. Thus, if loading efficiency is
attributed to the unit area of the particles using a spherical
approximation, the real efficiency reported is higher (~4x)
than previously reported. It is also known that milled
HPHT particles, as used in this study, possess a very
high roughness® that increases the SSA with respect to
a spherical approximation. Taken together, considering
the realistic SSA for 700/800 nm HPHT, the observed
efficiency of DOX correlates to similar level of prior
reported results.”

Desorption studies conducted with FDP-DOX have
been restricted to 90 min to reflect the short residency
time of FDP-NV in the circulation (vide supra).”
Figure 1B illustrates color change of dry powder of FDP-
NV from “milky white” to purple following adsorptions of
DOX. Figure 1C describes the process whereby the
amount of DOX desorpted from the particle was assessed
throughout the 90 min of the desorption protocol.
Figure 1D provides time and pH dependent desorption of
DOX from suspensions of 0.8 mg of FDP-DOX-28 ng/mg
in 1 mL of PBS pH = 7.4, pH = 6, or pH = 5.5. Suspension
in PBS pH = 7.4 resulted in non-significant desorption at
1.47 £ 0.21 pg/mL (mean and SD, respectively) at 5.2% of
DOX load. Statistical analysis by one way ANOVA of
DOX desorption in PBS pH = 7.4, indicates a borderline
trend (within group analysis at P < 0.072, non-significant),
which might suggest possible desorption had incubation
time been extended. In marked contrast, desorption at pH
= 6.0 (4.56 pg + 0.49 pg, mean and SD, respectively)
amounts to 16.3% of FDP-DOX “payload”, which was
statistically significant (P < 0.001) from that obtained at
pH = 7.4 throughout the complete set of samples tested
over 90 min (Figure 1D). The increased desorption at pH =
6 is in line with previous reports.***” The mean desorption
at pH = 5.5 further increased (Figure 1D), at 6.8 pg + 0.2
pg (mean and SD, respectively) that amounted to
a significant 20% of FDP-DOX-35 ug/mg ‘“payload”.
Figure 1E summarizes the changes in DOX desorption
from 1.5 min to 90 min for each of the three pH condi-
tions, indicating that at pH = 5.5 there is continuous and
significant desorption compared with pH = 7.4 and even
pH = 6.0. Considering the well-known lysosomes acidifi-
cation capacity (pH = 5.0-5.5) it is expected that FDP-
DOX intracellular inclusion bodies if merged with lyso-
somes, could effectively be desorbed in this intracellular
milieu.’ Direct proof on the role of lysosomes in DOX
desorption FDP-DOX has not been obtained yet.

We further tested desorption of DOX from FDP-DOX
following sonication, a protocol used for optimization of
FDP-NV and FDP-DOX particles dispersion prior to appli-
cation into cell culture. Desorption has been tested in
either PBS or culture medium but at same pH = 7.4. We
have also tested the latter (impact of cell culture medium)
condition since we could not identify publication that
explored the impact of sonication on DOX desorption in
culture medium used in our cell cultured studies. The data
presented in Figure 1F depict desorption at 6.0% of DOX
in the media (red bar) and 8.9% in PBS (green bar) over 1
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min yet, at 10 min sonication, desorption rose to 20.3% in
PBS pH = 7.4 and 10.1% in media pH = 7.4. Our data on
the impact of sonication on desorption of DOX when
suspended culture in media could serve investigators who
might need to be aware of the impact of sonication proce-
dures on the coated particles’ payloads in different
suspensions.

Assessment of Cytotoxicity by
Biochemical Biomarkers: Highlight on

Issues

Evaluation of cytotoxic effects of discrete compounds,
composites and xenobiotics requires diverse methods tar-
geting critical mechanisms of cells’ injury and death.®
Acknowledging diversity of methods that frequently do
not correspond well with each other, we have focused on
a set of assays that have been well vetted and referenced
including toxicities of several anthracycline agents.
Finally, we scanned prior publications that focused on
cancer cells (HepG-2, Hep-3B) tested by anthracycline
“payloads” by various carriers that demonstrated disrup-
tion of essential cellular and biochemical functions.

Effect of FDP-DOX on Metabolic
Activities of HepG-2 Cells Monitored by

AlamarBlue Fluorescent Assay

The utility and mechanisms associated with AlamarBlue
(AB) cytotoxicity assay have been provided in the
Methods section (vide supra). AB is a commonly used
assay that serves as a cellular biomarker of metabolic
and proliferative activities. Figure 3A—C presents dose-
combination of FDP-DOX particles of various DOX
loads on HepG-2 cells compared with non-coated FDP-
NV. Three different “payloads” of DOX were tested, each
at one of three masses of particles. Figure 3A represents
the extent of diminution of the metabolic functions repre-
sented by AB fluorescence decay, which over 24 h, dimin-
ished 80% in cells exposed to FDP-DOX-35 pg/mg
particles (60 nmol/mg particles) and lesser (40%) at 19
nmol/mg. Marginal effects were noted following exposure
to FDP-DOX-3 nmol/mg (lowest dose, data not shown).
Figure 3B represents time-and dose-dependent toxicity of
FDP-DOX exposures over 12, 24, 48 and 72 h, suggesting
the importance of temporal factors for FDP-DOX pharma-
codynamic effects. Figure 3C presents a positive control
(free DOX) over broad dosing regimens and 2 time points,
24 or 72 h of exposure. Figure 3C shows free DOX to be

more potent than FDP-DOX-35 (top FDP-DOX dose,
Figure 3B) as evident by ICsy. Thus at 24 h, FDP-DOX
reached ICsy at 12 pM while free DOX reached at the
same time point an ICsy at 1.3 puM; at 72 h, FDP-DOX
reached ICsy at 0.42 pM, yet free DOX reached at the
same time frame an ICsy of 0.09 uM (4.7-fold more
effective). More rapid and robust access of free DOX
over expected lag due to desorption of FDP-DOX “pay-
load” could explain in part this variance.

Effect of FDP-DOX on LDH Release from
HepG-2 into Culture Medium

Presence of LDH (a cytoplasmic enzyme) in cells’ culture
medium is often used as a biomarker of cell membrane
leakage due to irreparable damage to cells’ membrane
integrity.*®*” Figure 4 presents dose-dependent effects of
FDP-DOX (vis-a-vis FDP-NV) on LDH release into the
culture medium by HepG-2 at 72 h. The dosing regimen
was constructed by combination of varying particles’ mass
and DOX loads on the particles.

Activation by FDP-DOX of Annexin V Expression in
HepG-2 Cell

Annexin V has been used as a biomarker of activation of
biochemical cascades in response to stress conditions that
lead to activation of death pathways in cancer.’> Annexin
V has also been recognized as a biomarker of anthracy-
cline drugs toxicities.”®>* Figure 5 presents annexin
V  positive immunohistochemistry of HepG-2 cells
exposed to FDP-DOX at various conditions. Figure 5A
and B (upper rows) present the effects of FDP-DOX-60
nmol/mg particles (at 0.1 or 0.05 mg/mL, respectively).
The high dose (upper row, Figure 5A and B) virtually
disrupted (fragmented and diminished) tumor -clusters
and elicited strong annexin V positive response by 24
this
V staining was accentuated by a red-light filter (right

h of continuous exposure to dose. Annexin
column in each row). Lower doses (Figure SA and B, 19
nmol/mg, middle rows) manifest strong annexin V signal
but lesser impact on cluster size. Remnants circumvented
by yellow arrowheads attempt to define the external sur-
face of these remnants. FDP-NV (Figure 5A and B, lower
row) had no impact on HepG-2 cluster morphology nor
were annexin V positive cells identified. The lowest pay-
load dose, 3 nmol/mg had minimal effect (data not shown).
Our data are in accord with previous publications using
anthracycline compounds, yet none used FDP-NV-700/

800nm size and composition.
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Effects of FDP-DOX on HepG-2 and Hep-3B DNA
Damage Monitored by TUNEL

TUNEL assay has been designed to detect cells’ nuclei
that underwent irreversible DNA damage indicating pos-
sible irreparable apoptotic process. In context with other
biomarkers of cells’ damage (vide supra) TUNEL assay
was deployed to support nuclear site of action of FDP-
DOX as previously reported.”®> The latter study however
deployed NDP at < 10 nm (vs FDP-NV-700/800 nm). We
presumed (by lack of evidence of FDP-NV or FDP-DOX
identification in the nuclei) that it is unlikely that particles
of the size used in our study gain access to cell-nuclei
based on our microscopic (including confocal) data
reported recently.’® Hence, we explored TUNEL as
a biomarker for DOX reaching the nucleus as reported.’’
Figure 6A presents definite positive nuclear TUNEL his-
tochemistry in HepG-2 cells, while Figure 7 describes the
same biomarker in Hep-3B cells exposed to FDP-DOX at
same dosing regimens. In both cell lines high dose of
FDP-DOX (60 nmol/mg, upper row) completely disrupted
tumor clusters and presented strong TUNEL signal in
virtually all nuclei. The medium dose (FDP-DOX-19
nmol/mg), second row in both sections presented lesser
TUNEL signal, lesser cluster disruption, that was more
clearly illustrated upon filtering the red emission
(Figure 6A and B, right columns and Figure 7A and
B right columns). The lowest dose (FDP-DOX-3 nmol)
generated an inconsistent response (data not shown).
Figure 6C clearly demonstrates that FDP-NV had no mor-
phological or histochemical (TUNEL) deviations (even
after red light filtered) and clusters size and phenotype
remained intact. Figure 6D affirms a positive control of
free DOX (upper row) and lack of TUNEL in FDP-NV
exposed cells.

Overall, Figures 5-7 provide strong support for the
efficacy and potency of FDP-DOX to eradicate cancer
cells, likely by activation of apoptotic cell-death
mechanisms.

Doxorubicin Distribution in Fractionated
HepG-2 and Hep-3B Cell Lines Treated

with Free DOX or FDP-DOX-35

The intense TUNEL staining in nuclei of HepG-2 and
Hep-3B exposed to FDP-DOX-35 (vide supra and
Figures 6 and 7) suggests that desorption of DOX
originated in the cytoplasm in any of the intracellular
organelles that generate an acidic milieu sufficient to

desorb DOX off its carrier. Free DOX is then extruded
from these organelles and gains access to the nuclei by
diffusion. To further investigate these assumptions, we
attempted to measure DOX in cells’ nuclei and cytosol
of each cell line exposed to the same DOX mass either
as free DOX or FDP-DOX-35. To this end, each cell
line was subjected to the fractionation process at the
end of the incubation with free DOX or FDP-DOX.
Figure 8 asserts DOX presence in the nuclei and
cytosol fractions albeit with significant quantitative
disparities. The “positive control arm” (free DOX)
displayed significantly lower DOX levels in both frac-
tions compared with the FDP-DOX treated cells even
though an equal amount of DOX was dispensed to the
cells. We postulate that the lower levels of DOX found
in the free DOX treated cells compared with the FDP-
DOX treatment could be explained by simultaneous
excretion of free DOX by the cells’ excretion transport
mechanisms well known in the type of cells studied,
yet not likely to be applied to FDP-DOX. The signifi-
cantly higher levels of DOX in the nuclear fraction
(both
(Figure 8A) suggest a “nuclear sink trapping” of
DOX likely due to DNA intercalation.®*** We also
propose that the DOX levels in the fractions of FDP-
DOX treated cells, is under-estimated; while the same

cell lines) compared with the cytosol

mass of DOX was delivered into each of the culture
wells, notable amounts of FDP-DOX actually adhere
to the well’s plastic (Figures 5 and 6, high magnifica-
tion) suggesting that the available mass to be taken-up
by the cells must be lower for FDP-DOX compared
with free DOX. Figure 8B presents a logarithmic dis-
play of DOX levels in each fraction of both cell lines,
indicating that all DOX measurements were within the
standard curve. Figure 8C displays a Western Blot of
biomarkers of cytosol (MEK) and nuclei (Lamin A/C);
this information was added to ensure that each fraction
carries biomarkers of the

typical respective

fraction.®>-°

The presence of DOX in the nuclei of cell treated with
FDP-DOX was confirmed by confocal microscopy ima-
ging (Figure 8D). Similar to the fractionation results,
DOX released from FDP-DOX diffuses into nuclei
where it was detected by fluorescence typical for this
taxanes, marked by green fluorescence (Figure 8D). The
nuclei of cell treated with the naive FDP-NV showed no

DOX staining.

I 4 8 https:

Dove!

Nanotechnology, Science and Applications 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove Firestein et al

A

1.2 4 AlamarBlue

I FDP-DOX (60 nmol)
[ FDP-DOX (19 nmol)
1.0 +{| mmmm FDP-DOX (3 nmol)
== control no FDP-DOX -
©°
b 0.8 4 *
S
o * *
4= 0.6 *
o
9 .
® 0.4 -
14
*
0.2
0.0 -
12.0 3.86 0.09 6.0 1.93 0.045 3.0 0.96 0.022 0
FDP-DOX (M)
12
AlamarBlue [ o nrom 12 AlamarBlue
0 o daneus| 10 200 pg/mg FDP
s —@— 72 hours = = 12 hours
S0 £ 08 | = 24 hours
5 k] = 48 hours
o 8 B 72 hours
%Y 5 06
- it o N Gulebts - (e S LR R k]
E E § 04
E 0.2
0.0 ; - 0.0
0.12 0.42 1.2 42 12 FDP-DOX naive FDP-NV

FDP-DOX (uM)

D

AlamarBlue| —e— 24 hours
10 9 ®— 72 hours

Ratio of control

001 0.1 1 10
Concentration of DOX (uM)

Figure 3 Effect of FDP-DOX, on the HepG-2 cell metabolic activity measured by AlamarBlue method.

Notes: (A) HepG-2 cells were treated with FDP-DOX (of three varieties, 60, 19 and 3 nmol of DOX per mg of particles) for 24 h. Error bars represent SD from three
independent experiments of triplicate samples. *P < 0.001; **P = 0.004 for comparison with control (no FDP, no DOX) in one-way ANOVA (B) HepG-2 cells were treated
with FDP-DOX carrying on the surface 60 nmol of DOX per mg of particles for four-time intervals (insert). Error bars represent SD from three independent experiments of
triplicate samples. Dashed vertical lines mark concentration of DOX at 50% inhibition points (ICso). ICso for 24, 48 and 72 h were 1.92 uM, 0.92 uM and 0.42 uM
respectively. (C) HepG-2 cells were treated with 200 pg/mL of FDP-DOX carrying on the surface 60 nmol of DOX per mg of particles and 200 pg/mL of naive FDP-NV for
four-time intervals. Error bars represent SD from three independent experiments of triplicate samples. *P < 0.001 for comparison with control (no FDP) in one-way
ANOVA. (D) HepG-2 cells were treated with free DOX for 24 and 72 h. Error bars represent SD from three independent experiments of triplicate samples. Dashed line
mark concentration of DOX at 50% inhibition (ICsp). ICso for 24 h and 72 h were 1.05 uM and 0.09 pM, respectively. Cells were incubated with AlamarBlue for | h, and
fluorescence was measured using 485 nm Ex and 560 nm Em.

Abbreviations: FDP-NYV, fluorescence diamonds particles with NV active centers; FDP-DOX, fluorescence diamonds particles with NV active centers and absorbed DOX;
DOX, doxorubicin; SD, standard deviation; HepG-2, liver hepatocellular carcinoma; Ex, excitation; Em, emission.
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Figure 4 Effect of FDP-DOX on LDH release to the culture media by HepG-2 cells.

Notes: HepG-2 cells were treated with FDP-DOX (variety of three doses— 60, 19 and 3 nmol of DOX per mg of particles) for 72 h. Error bars represent SD from
independent triplicate experiments. *P < 0.001; **P = 0.015 compared with control (no FDP-DOX; no FDP-NV) by one-way ANOVA.
Abbreviations: FDP-DOX, fluorescence diamonds particles with NV active centers and absorbed DOX; DOX, doxorubicin; HepG-2, liver hepatocellular carcinoma; LDH,

lactate dehydrogenase; SD, standard deviation.

FDP-DOX Uptake and
Pharmacodynamics in Human Metastatic

Colorectal Organoids
Patient-Derived Tumor (PDT) organoids are recognized as
important preclinical model-systems for cancer research
since they recapitulate the diversity of the primary patient-
tumors. Organoids provide preclinical phenocopying of
tumor progression, acquisition of resistance to therapy,
and response to treatment.®’ ® We have chosen colorectal
cancer since this is a highly prevalent human cancer that
has strong propensity to metastasize to the liver.*’%"!"
Figure 9 presents experiments conducted with PDT
colorectal cancer (18SH112T) organoids according to pub-
lished reports (vide supra Methods section). The organoids
were exposed to FDP-DOX-35, or FDP-NV, or sham con-
trol (PBS) over 4 days under gentle motion. AlamarBlue
(AB) fluorescent assay was deployed as described for
HepG-2 liver cancer cell line.*® Figure 9A depicts
a summary of three independent experiments indicating
85% reduction of AB fluorescence, a biomarker of meta-
bolic and proliferative distress (vide supra). Thus, the
organoids’ response to FDP-DOX-35 is in accordance
with HepG-2 response. Figure 9B provides representative
visuals of organoids (upper panel) in the presence of FDP-
NV compared with organoids exposed to FDP-DOX-35
(lower panel) that fit necrotic phenotype. Figure 9C
depicts dose-response exposure to FDP-NV (lower panel)
or FDP-DOX (upper panel) indicating high toxicity of

FDP-DOX-35 across the dose-response to the lowest
exposure level of 1 pg/mL where remnants of small orga-
noids are present among mostly debris of necrotic
organoids.

Figure 10 provides flow cytometric analysis of uptake
of FDP-DOX and FDP-NV in the hCRC organoids and
demonstrates the efficient uptake of particles in greater
than 50% of hCRC organoid cells by 24-48 h post-
treatment. These results, using patient-derived colorectal
cancer organoids, confirm the uptake and anti-cancer prop-
erties of FDP-DOX under more relevant physiological
conditions.

Discussion

The primary objective of this study was to explore the
prospect of FDP-NV-700/800nm (FDP-NV) to serve as
a suitable carrier of anti-cancer drugs for treatment of
metastatic liver cancers. The premise of this proposition
stems from our recent observations on exceptionally fast
and robust uptake of naive FDP-NV by the liver following
systemic injection in rats and mice along with excellent
biocompatibility as evident by preservation of liver anat-
omy, histology, liver function tests and lack of specific
histopathology.>> %’

Our strategy for realizing the overall objective has been
built on the cardinal elements that led to the development
and registration of Doxil®/Caelyx™ (liposome modified
DOX carriers) which won clinical registration for lesser

I 5 o https:

Dove!

Nanotechnology, Science and Applications 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove Firestein et al

FDP-DOX (60 nmol/mg) FDP-DOX (60.nmol/mg) FDP-DOX (60 nmol/mg)
s

—

FDP-DOX (19 nmol/mg)
Kad = S . k, ) ~
L e
g
é \ 'S

FDP-DOX (60 nmol/mg)
T -—
ol i

-

Figure 5 Effect of FDP-DOX and FDP-NV on the induction of apoptosis in HepG-2 cells detected by binding of FITC-annexin V and imaged with fluorescence microscope.
Notes: HepG-2 cells were treated with FDP-DOX or naive FDP-NV at concentration of 0.1 mg/mL (A), or 0.05 mg/mL (B) for 24 h. FDP-DOX with respective amounts of
adsorbed DOX (nmol/mg) are indicated on the panels, presenting on the top rows 60 nmol of DOX absorbed per mg of FDP, on the middle rows |9 nmol per mg of FDP
and on the bottom rows naive FDP without DOX. Cells were treated with FITC-annexin V and imaged under fluorescence microscope (Olympus IX81) with 10x objective.
Left and middle columns of panes represent triple color (green-annexin V, blue-DAPI, red-FDP-NV) of fluorescence; right column of panels represent double (green-annexin
V, and blue-DAPI) colors of fluorescence to better illustrate apoptotic cells. White arrows indicate the most positive for annexin V binding areas of cellular membranes,
yellow arrowheads indicate accumulated FDP-NV in the cytoplasm.

Abbreviations: FDP-NYV, fluorescence diamonds particles with NV active centers; FDP-DOX, fluorescence diamonds particles with NV active centers and absorbed DOX;
DOX, doxorubicin; HepG-2, liver hepatocellular carcinoma; FITC, fluorescein isothiocyanate; DAPI, 4',6-diamidino-2-phenylindole.

https: I 5 I

Nanotechnology, Science and Applications 2021:14
Dove:


https://www.dovepress.com
https://www.dovepress.com

Firestein et al

Dove

FDP-D?X(GO nmol/mg) R FDP-DOX (60 nmol/mg)

!

FDP-NV (0.1 mg/ml) FDP-NV (0.05 mg/ml)
A

A 44
S A4

FDP-NV/(0:05 mg/ml)

/

Control'(no FDP, no DOX)
&

Figure 6 Effect of FDP-DOX and FDP-NV on the induction of apoptosis in HepG-2 cells detected by TUNEL assay in fluorescence microscopy imaging.

Notes: HepG-2 cells were treated with FDP-NV-DOX at concentration of 0.1 mg/mL (A), or 0.05 mg/mL (B) for 24 h. FDP-DOX with respective amounts of absorbed
DOX (nmol/mg) are indicated on the panels. Left panels of FDP-DOX represent double (green-TUNEL, and red-FDP-NV) colors of fluorescence; right panels of FDP-DOX
represent single (green-TUNEL) color of fluorescence to better expose apoptotic nuclei. (C) Images of cells treated with naive FDP-NV (as indicated in the images); upper
panes represent double (green-TUNEL, and red-FDP-NV) colors of fluorescence; lower panels represent staining of cells’ cytoskeleton with FITC-phalloidin (green) and cell
nuclei with DAPI (blue). White arrows indicate area the most positive for TUNEL, yellow arrowheads indicate accumulated FDP-NV in cellular cytoplasm. (D) Control
images without FDP. Upper images represent cells treated with free-DOX with indicated concentration; bottom panels represent control cells under normal culture
conditions (no FDP and free-DOX) with nuclei stained with DAPI (blue) and cytoskeleton stained with FITC-phalloidin (green).

Abbreviations: FDP-NV, fluorescence diamonds particles with NV active centers; FDP-DOX, fluorescence diamonds particles with NV active centers and absorbed DOX;
DOX, doxorubicin; HepG-2, liver hepatocellular carcinoma; TUNEL, terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling; FITC, fluorescein isothiocyanate;

DAPI, 4',6-diamidino-2-phenylindole.

adverse (mainly cardiac) effects while maintaining accep-
table efficacy.’®*%>%7? Yet, the scope of utility of these
drugs still nests mostly on partial improvement in safety,
reserving opportunities for superior carriers to further the
safety and efficacy profile. Furthermore, none of the lipo-
some (or polymers) carriers of anthracyclines is registered
for the indication of interest to the authors, the late stages
of liver metastasis (Phase III-IV) of the disease.
Prominent in this regard are the prospect of FDP-DOX
to provide imaging of the targeted liver tumors via

extracorporeal NIR scanning that guides response (or
lack of) to treatment.

The short residency time of FDP-NV in the circulation
(vs prolonged Doxil®/Caelyx™ pharmacokinetics due to
PEGylation), should serve to further FDP-DOX specificity
(for liver malignancies) and lesser “off target” toxicology
compared with the contemporary medicines, Doxil®/
Caelyx™.

Several critical domains have been pursued to verify
FDP-NV as a suitable carrier for DOX via a series of
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Figure 7 Effect of FDP-DOX and FDP-NV on induction of apoptosis in Hep-3B cells detected by TUNEL assay in fluorescence microscopy imaging.

Notes: Hep3-B cells were treated with FDP-NV-DOX at concentration of 0.1 mg/mL (A), or 0.05 mg/mL (B) for 24 h. FDP-DOX with respective amounts of absorbed
DOX (nmol/mg) are indicated on the panels. Left panels of FDP-DOX represent double (green-TUNEL, and red-FDP-NV) colors of fluorescence; right panels of FDP-DOX
represent single (green-TUNEL) color of fluorescence to better expose apoptotic nuclei. (C) Images of cells treated with naive FDP-NV at respective concentrations listed
on the images; upper panes represent double (green-TUNEL, and red-FDP-NV) colors of fluorescence; lower panels represent staining of cytoskeleton with FITC-phalloidin
(green) and nuclei with DAPI (blue). White arrows indicate area the most positive for TUNEL, yellow arrowheads indicate accumulated FDP-NV in cellular cytoplasm. (D)
Control images without FDP. Upper images represent cells treated with free-DOX with indicated concentration; bottom panels represent control cells under normal culture
conditions (no FDP and free-DOX) with nuclei stained with DAPI (blue) and cytoskeleton stained with FITC-phalloidin (green).

Abbreviations: FDP-NYV, fluorescence diamonds particles with NV active centers; FDP-DOX, fluorescence diamonds particles with NV active centers and absorbed DOX;
DOX, doxorubicin; Hep-3B, liver hepatocellular carcinoma; TUNEL, terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling; FITC, fluorescein isothiocyanate;

DAPI, 4',6-diamidino-2-phenylindole.

in vitro pilot studies as preludes to in vivo testing:
A. Selection and characterization of the therapeutic “pay-
load” (DOX), by detailing adsorption capacities and deso-
Validation
pharmacodynamics of FDP-DOX in liver cancer cells

rption  kinetics;  B. access  and
and human CRC organoids; C. Demonstrated dose and
time-dependent pharmacodynamics responses; D. Proven
access of free DOX to cells’ nuclei — a cardinal “proof of
concept” for FDP-DOX mechanism of action since the
carrier (FDP-NV) is not expected to cross the nuclear
membrane for size limitation; E. Elucidated likely

mechanism(s) of actions of DOX via vetted biomarkers

of metabolic and cell survival/death pathways such as
apoptosis.

Experiments performed in each of these core tasks asserted
efficient and effective anti-cancer capabilities of FDP-DOX as
follows: A. Successful adsorption of FDP-NV by DOX, and
detailing desorption kinetics under various conditions;
B. FDP-DOX internalization (dose and time dependent) by
each of the liver cancer cell-lines and the PDT hCRC orga-
noids. In liver cancer cells, heavy agglomeration of FDP-DOX
around the nuclei (Figures 5-7), in the form of a corona,
suggest possible direct and/or indirect interference in nuclear-
cytoplasm exchanges; C. Pharmacodynamic consequences to
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Figure 8 Monitoring DOX in cytoplasm and nuclei fractions of HepG-2 and Hep-3B cells following treatment with FDP-DOX or free-DOX in equal concentrations (6 pM).
Notes: (A) Quantification of DOX in cytoplasm and nuclei fractions after 24 h of cells exposure to 17.5 pg of DOX delivered in the free form or attached to the FDP as
a carrier in 0.5 mL. Error bars represent SD from independent triplicates. *P < 0.001 in one-way ANOVA. (B) Evidence that DOX levels measured in each fraction from
either cell line were within the standard curve where each color represents bars in (A). (C) Verification of separation of cytoplasm and nuclei fractions from HepG-2 cells by
Western blot. Anti-Mek-1 antibody was used for the cytoplasmic fractions, anti-Lamin A/C was used for detection of nuclear fractions. Control represents fractionated cells
treated with media only (no FDP-DOX, no free-DOX). (D) Confocal images of Hep-3B cells treated with FDP-DOX or FDP-NV. Cells were treated with FDP for 24 h and
imaged under confocal microscope using 60x oil objective. DOX was visualized using 488 nm excitation and 541-591 nm emission (green); FDP 543 nm excitation and 655—
755 nm emission (red); nuclei were visualized using DAPI filters (blue).

Abbreviations: FDP-NV, fluorescence diamonds particles with NV active centers; HepG-2 and Hep-3B, liver hepatocellular carcinoma; DOX, doxorubicin; SD, standard
deviation; C, cytoplasmic fractions; N, nuclear fractions.
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Figure 9 Effect of FDP-DOX and naive FDP-NV on hCRC organoid (induced by I8SHII2T cell line) metabolism and morphology.

Notes: (A) Graph represent effect of FDP-DOX (35 pg/mg particles of absorbed DOX) and naive FDP-NV on metabolic activity of organoids measured by AlamarBlue
method. Error bars represent SD from three experiments (N = 3). (B) Images of organoids treated with FDP-DOX and naive FDP-NV. Red circle indicates normal organoid;
yellow circle indicates organoid affected by DOX. (C) Representative images of hCRC (I8SH112T) organoids treated with different doses of FDP-DOX and naive FDP-NV.
Doses of FDP and associated with the molar concentration of DOX are presented above the images.

Abbreviations: FDP-NV, fluorescence diamonds particles with NV active centers; DOX, doxorubicin; hCRC, human colorectal cancer; SD, standard deviation.

FDP-DOX exposure demonstrated dose and time-dependent  assay, Figure 4); D. Biomarkers of cells’ death (e.g., apoptosis)
inhibition of essential metabolic functions (AB assay, marked by known biomarkers, annexin V (Figure 5), and
Figure 3), disruption of cells’ membrane integrity (LDH DNA damage (TUNEL, Figures 6 and 7). The consistency
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Figure 10 Temporal flow cytometry analysis of FDP-DOX and FDP-NV uptake by hCRC organoids (induced by 18SHI 12T cell line).
Notes: Flow cytometry “heat plots” show hCRC organoid I8SHI 2T cells treated with FDP-DOX particles (red), FDP-NV (blue) or PBS control (grey) for 24 h or 48 h.
Cells were measured by viability (DAPI staining, 450 nm channel) and doxorubicin positivity (586 nm channel). Viable cells excluding DAPI dye are depicted in the lower two

quadrants while doxorubicin positive cells are depicted in the right-most quadrants.

Abbreviations: FDP-NV, fluorescence diamonds particles with NV active centers; DOX, doxorubicin; hCRC, human colorectal cancer.

of FDP-DOX action in both liver cancer cell-lines and hCRC
organoids highlights the translational potential of employing
FDP-DOX particles in the clinical setting.

Taken together, our data are in accord with published
studies referenced across the manuscript, where DOX and
other “taxanes” (e.g., daunorubicin, epirubicin, paclitaxel)
FDP-DOX.

Experimental studies with nanoparticles provide further sup-
42,73

share the same directional actions as
port even though not yet vetted in clinical development.
Of the latter studies, none had practiced large FDP-NV, and
none has tested similar indications such as liver cancer metas-
tasis. We conclude that our experiments so far provide strong
incentives to proceed with in vivo studies to test FDP-DOX

worthiness for further development.

Summary

The authors take the position that the in vitro data
presented in this manuscript fulfill proof-of-concept on
the efficacy prospect of FDP-DOX, which are in accord
with peer-reviewed reports using a variety of “taxanes”
and carriers dissimilar to FDP-DOX. Our data support
the potential for FDP-DOX to match (as a minimum) or

exceed that of Doxil®/Caelyx™ for its oncological indi-
cations. The latter expectation builds on perceived
advantages of the carrier FDP-NV-700/800 nm over
liposomes and polymeric constructs, which still harbor
limitations in respect to pharmacokinetic, systemic resi-
dual “off target” events, immune response (e.g., anti-
PEG antibodies) that marginalize safety benefits besides
lacking target imaging (Theranostics) prospects. FDP-
DOX is expected to deliver its “cargo” in a highly
preferential manner, display agnostic interactions in
biological milieu while offering long-term
biocompatibility.** ¢ In summation, the novel construct
of larger FDP carrying DOX (and likely other anthracy-
clines) is a promising candidate for development toward
clinical proof-of-concept studies and ultimately improve
the medical benefits of taxanes-carried compounds

beyond those currently used in medical practice.®’
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