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overcome the limitations of conventional chemotherapy, for example methotrexate (Mex), one of the first-
generation chemotherapy drugs for cancer treatment, whose usefulness has been restricted due to drug
resistance and dose-dependent side effects. In the present study, the AuNPs drug delivery system was syn-
thesized and loaded with technetium-99 m radiolabeled Methotrexate (°®™Tc-Mex) to produce new poten-

Keywords:

Go}[/d nanoparticles tial nanoradiopharmaceutical for tumor targeting and further imaging. The Methotrexate loaded gold
99mTe_Methotrexate nanoparticles (Mex-AuNPs) successfully prepared in small spherical particle size (20.3 nm), polydispersity
In vitro characterization index PDI (< 0.5) and a zeta potential (—17.6 mV) with loading efficiency% (93 + 1.2%) of methotrexate at
In vitro cytotoxicity, **"Tc-Mex-AuNPs 30 min as an optimum stirring time and showed strong absorption peak for Mex-AuNPs at Amax, 525 nm. The
Invivo biodistribution in vitro release profile of Mex-AuNPs showed high release percent of methotrexate at pH 5; the Qy5 h and

Tumor targeting Qg were 21.2 + 1.5% and 92.9 + 3.4%, respectively. The in vitro cytotoxicity was investigated at different con-

centrations (0.024—50 w1/100 wl) of Mex-AuNPs (1 mg/ml) against MCF-7 (Michigan Cancer Foundation-7)
breast cancer cells by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay technique.
Mex-AuNPs showed higher anticancer activity with low inhibitory concentration (ICso = 0.098 1£1/100 wl)
that was three times lower than the inhibitory concentration (ICs) of methotrexate (ICso = 0.3 ©1/100 wul).
99mTc_Mex complex prepared by direct reduction method at maximum radiochemical yield (RCY)% ~
98.3 + 1.09 % was loaded in AuNPs to form *°™Tc-Mex-AuNPs with loading efficiency% (93 + 1.2 %) at 30 min
of stirring time. °*™Tc-Mex-AuNPs showed convenient in vitro stability in mice serum up to 24 h with RCY%
> 90 %. The preclinical biodistribution studies of ®™Tc-Mex-AuNPs were performed in 3 experimental groups
A (intravenous (1.V.) injected normal mice), B and C (L.V. and intratumor (I.T.) injected tumor bearing mice,
respectively). The ®*™Tc-Mex-AuNPs achieved highest tumor uptake (93 + 0.39 %ID/g) and highest Target/
NonTarget (T/NT) ratio (58.1 £ 0.91) with high Tumor/Blood (T/B) ratio (25.8 + 0.11) at 10 min post L.T. injec-
tion and retained high tumor uptake (79 + 0.65 %ID/g) up to 60 min post LT. injection before escaping into
blood stream. Consequently, **™Tc-Mex-AuNPs can be considered as new potential nanoradiopharmaceuti-
cal in tumor diagnosis.

© 2021 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.

Introduction concerns of the 21st century.! The number of cancer deaths world-
wide is expected to increase by about 12 million deaths in 2030.

Cancer is one of the most fatal diseases in the world as it kills mil- Therefore, developing effective means of early diagnosis, monitoring
lions of people every year. It is the second leading cause of death and treating cancer is a challenge.” Methotrexate (Mex) is considered

among humans in the world, and thus it is one of the major health as a chemotherapy treatment used to treat certain types of cancer of
the breast, skin, head and neck, lung, certain types of lymphoma, and
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tetrahydrofolate, interfering with the growth of certain cells of the
body, especially cells that reproduce quickly, such as cancer cells,
bone marrow cells, and skin cells.” Methotrexate (Mex) may cause
severe side effects called “methotrexate fog” that may occur one day
after receiving a dose of methotrexate.® The side effects associated
with the therapeutic dose of Mex, resistance of cancer cell, rapid
metabolism and low selectivity of tumor cells have limited its
anticancer effect.”® Radiopharmaceuticals have been used as non-
invasive molecular imaging agents to detect and monitor cancer
at early stages and thus improving prognosis and treatment.’
Therefore, it was important to find a technology to deliver the
targeted radiopharmaceuticals to diagnose cancer cells at early
stage and to bring hope to the oncological research world. Nano-
technology application in drug delivery was used as a strategy
that may improve therapeutic efficacy of chemotherapy and
decrease its side effects.'” Using an ideal nanocarrier would
greatly reduce the dose of the drug and improve its absorption
from the body so that the patient can take a lower dose with the
same benefit.!! Gold nanocarriers (AuNPs) are widely used as a
drug delivery in biomedicine especially in the diagnosis and
treatment of cancer due to their unique physical and chemical
properties such as safety, relative stability and ease of prepara-
tion.'? Also, their small size helps them to penetrate widely and
precipitate at the tumor site.!®> Hybridization of methotrexate
with gold nanoparticles presented a valuable contribution in
increasing drug accumulation in cancer cells and thus enhancing
its cytotoxic efficacy with low inhibitory concentration (ICsg)
with cancer cells rich in folate receptors'* and human placental
cancer cell lines’, thus greater therapeutic efficacy than free
methotrexate.’” In the last decade, many innovative nanoradio-
pharmaceuticals drugs have shown amazing features in nuclear
imaging. The anticancer drugs were hybridized with radioactive
isotopes and AuNPs to be used in tumor diagnosis as '2°I-cRGD-
GNPs,'® 99Tc-GNPs-HYNIC-GGC peptide/mannose'” and %°™Tc-
Dox-EGCG-AuNPs.'® The hybridization of %°™Tc-Mex as a radio-
pharmaceutical with AuNPs to form a new nanoradiopharmaceut-
ical could help to achieve progress in tumor imaging. The aim of
the present study was to develop a nanoradiopharmaceutical as a
novel diagnostic probe for tumors. Gold nanocarriers prepared by
citrate reduction method were loaded with®*™Tc-Mex in maxi-
mum RCY% to produce ®°™Tc-Mex-AuNPs complex. In vitro char-
acterization, in vitro stability and cytotoxicity study were
performed, following up on this the in vivo biological distribution
of 9™Tc-Mex-AuNPs (A theranostic nanoradiopharmaceutical) in
normal and solid tumor bearing mice following LV. and LT. injec-
tion was studied to evaluate its ability to target the solid tumor
and its imaging efficacy via molecular imaging Single photon
emission computed tomography (SPECT) technique.

Materials and Methods
Materials

Methotrexate (C;oH2,NgOs) and Hydrogen tetrachloroaurate
(HAuCl4#3H,0) were purchased from Sigma-Aldrich Company, USA.
Human breast carcinoma cells (MCF-7) provided by tissue culture
unit, Vacsera, Giza, Egypt. Dulbecco’s Modified Eagles Medium
(DMEM) Fetal Bovine serum, L-glutamine (CsH;oN»03) and gentami-
cin (C31H43Ns07) were purchased from Lonza group, Basel, Switzer-
land. Dimethyl sulfoxide (DMSO), ((CH3),SO) was purchased from
Prolabo, France. Female Albino Swiss mice had Ehrlich Ascites Carci-
noma cell was obtained from Egyptian National Cancer Institute
(NCI) (Cairo University, Cairo, Egypt). All other analytical grade
(chemicals and solutions) and Whatman paper No.1 for paper

chromatography (PC) were purchased from Merck Company, Ger-
many. Technetium 99 m was obtained in the form of pertechnetate
elute (°*™Tc0, ") from the **Mo | ®*™Tc generator that was manufac-
tured in the Radioisotope Production Facility (RPF) of the Egyptian
Atomic Energy Authority (EAEA).

Synthesis of Methotrexate Loaded Gold Nanoparticles (Mex-AuNPs)

Citrate reduction method or Turkevich method was employed in
gold nanoparticles synthesis'>?° using solution of 1% trisodium cit-
rate (0.05 g Na3CgHs0- in 50 ml of double dist. H,0) and stock solu-
tion of ~ 3.0 x 107> M tetrachloroauric acid (0.1 g HAuCl, in 100 ml
double dist. H,0). A fresh solution of aquaregia (HNOs/HCI) (3:1 v/v)
was prepared using concentrated nitric and hydrochloric acids with
volume ratio 3:1 respectively, and used to clean all used glassware,
followed by washing them completely with double distilled water
and drying them before use. On stirring hot plate (Model 210T,
Thermo Fisher Scientific Inc., USA) dilute 1 ml of 3 mM HAuCl, solu-
tion with 9 ml double distilled water and heat at 100 °C with vigorous
stirring (500 rpm) until it begins to boil. Once boiled, add 1 ml of 1%
trisodium citrate solution and continue heating and stirring until the
color changed into a ruby red color which is considered as an indica-
tion of AuNPs formation of particle size less than 100 nm.?! Here,
stop heating and continue stirring until the solution cools down and
reaches room temperature. The gold nanoparticles were re-dispersed
after separation by a centrifuge in deionized water and this solution
kept at 4 °C for further uses.

Mex-AuNPs were prepared by magnetic stirring of AuNPs with a
methotrexate solution (1 mg / ml) for pre-set time periods of up to
90 min to determine the optimal stirring time to obtain maximum
methotrexate loading efficiency%. The Mex-AuNPs solution was cen-
trifuged and then re-dispersed in deionized water for following char-
acterization studies.

Characterization of Mex-AuNPs

Determination of Loading Capacity and Methotrexate Loading Efficiency%

The prepared Mex-AuNPs was centrifuged at 12,000 rpm for
35 min. The free Mex present in the supernatant was determined by
measuring its UV absorbance at 303 nm?? using (Shimadzu UV 1700
spectrophotometer, Kyoto, Japan). The loading capacity and loading
efficiency percent of methotrexate (Mex) were determined according
the following equations?:

Loading Capadty of Mex (mg/mg) = (Mlnin'ul - MFree) / MCarrier
Loading Efficiency of Mex (%) = ((Mntiar - MEree) | Mintiar) X 100

Where M it and Mg, are the initial Mex content and free Mex
content in supernatant, respectively and Mcgier is the weight of
AuNPs.

UV-Visible Spectroscopy of Mex-AuNPs

The Mex-AuNPs was investigated by UV—visible Spectroscopy to
confirm its production and determine the wavelength of the maxi-
mum absorption (Amax)**. It was re-investigated after 3 months of
storage at room temperature to estimate the possible of change
in Amax.

Determination Particle Eize (PS), Zeta Potential (ZP) and Polydispersity
Index (PDI) of Mex-AuNPs

The Zetasizer Nano ZS-90 instrument (Malvern Instruments, Wor-
cestershire, UK) was used to determine PS, PDI and ZP for Mex-
AuNPs; it examines light scattering fluctuations due to Brownian
motion of particles.® The measurement was performed by suitability
dilution with a 90 ° scattering angle at 25 + 0.5 °C.
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Morphological Examination

Transmission Electron Microscopy (TEM) (JEOL, JEM-100CX,
Tokyo, Japan) was used to determine the morphology and core size
of Mex-AuNPs. A drop of Mex-AuNPs dispersion was settled on a cop-
per grid and left for dry until thin film formation. The film was
stained and examined by TEM at 200 kV and magnification power of
x100,000.%°

In Vitro Release of Mex from Mex-AuNPs

In vitro Mex release from Mex-AuNPs was studied using cellulose
acetate membrane diffusion cell in triplicate, at temperature
37 £ 0.5°C, 50 rpm shaker water bath, in 50 ml of different release
media of phosphate buffer (pH 5 or pH 7.4) for comparison of differ-
ent pH effect.”” The dispersed Mex-AuNPs containing 1 mg of Mex
was placed in tube with a Spectra Por© semi-permeable membrane
on both sides and then immersed in the release medium. Samples
(3 ml) of the release medium were withdrawn at pre-set time inter-
vals (0.25—8 h) and were replaced immediately by an equal volume
of fresh release medium to preserve a constant volume.”® Samples
were analyzed using UV-visible spectrophotometer at Ay,ax 303 nm.
The cumulative drug release percentages (mean =+ S.D.) were calcu-
lated and plotted against time to determine Qg5 h and Qgp,.

In Vitro Cytotoxicity Betermination of Mex-AuNPs

Cytotoxicity study is a useful initial step in determining the poten-
tial toxicity of Mex-AuNPs. The gold nanoparticles are safe to normal
cells and not show a significant impact in cytotoxic effect? especially
citrate gold nanoparticles®® and spheres gold nanoparticles appears
to be the safest one.®' Hence, the gold nanoparticles can further be
taken up to various biomedical applications. The proficiency of Mex-
AuNPs in inhibiting the proliferation of human breast cancer cells
MCF-7 was evaluated by a colorimetric MTT assay.>? Human breast
carcinoma cells (MCF-7) were cultured in DMEM media supple-
mented with L-glutamine (1%), gentamycin (1%) and FBS (10%) then
incubated for 7 days under an atmosphere of 5% CO, at 37 °C.

Briefly, one hundred w1 of MCF-7 was inoculated in a high density
of 5 x 10% cells / well in a 96-well plate and incubated for 24 h. After
that, the media were removed and Mex-AuNPs (1 mg/ml) were
added at concentration of (0.02—50 w«1/100 w1) to 36 wells by tripli-
cate method. The positive control was designed by adding free meth-
otrexate at similar concentrations to 36 wells. In another wells, the
different volumes (0.02—50 j£1/100 1) have similar amount of AuNPs
were added for testing their cytotoxicity, then 10 ul of 12 mM MTT
stock solution (5 mg of MTT in 1 ml of phosphate buffer saline, PBS)
to each well followed by incubation for 4 h under 5% CO, at 37 °C.
One hundred ul of a solubilizing solution (DMSO) was added to each
well with good mixing then incubated at 37 °C for 10 min. Cytotoxic-
ity (loss of cell viability) on MCF-7 cells can be measured using MTT
assay depending on the reduction of the yellow tetrazolium dye
(MTT) by viable cells’ enzymes to its insoluble purple formazan that
can be used as an indication to amount of viable cells. DMSO was
added to dissolve the insoluble purple formazan product into a col-
ored solution so that the absorbance of this colored solution can be
quantified by measuring spectrophotometrically at wavelength
of 590 nm to determine the number of viable cells and the percentage
of viability. The measured absorbances were used to calculate the
percentage of cell viability (%) for each tested concentration relative
to control according to the following equation:**

The Cell Viability (%) = (ATest sample / AControl) x 100

Where Afest sample aNd Aconeror are the absorbance of the test sam-
ple and the control, respectively.

The percentage of cell viability (%) was plotted versus Mex-AuNPs,
free Mex and free AuNPs concentration, to get the survival curve.

Graph pad Prism software (San Diego, CA. USA) was used for estimat-
ing the 50% inhibitory concentration (ICsg) from graphic plots of the
dose response curve for each tested concentration.

Preparation of ™ Tc-Methotrexate (**™Tc-Mex)

Radiolabeling process was done at room temperature (~ 25 °C) by
direct reduction method using sodium dithionite as a reducing agent.
The factors (reducing agent concentration, Mex concentration, pH
and reaction time) affecting the radiolabeling process were optimized
to obtain the maximum radiolabeling efficiency. In a dry and clean
10 ml penicillin vial; different concentrations (0.5—50) mg/100 ul of
the reducing agent, sodium dithionite (Na,S,04) and different con-
centrations (0.3—2) mg/100 ul of Mex were added to 100 ul of a
fresh pertechnetate elute (7.2 MBq) at different reaction pH range
from (3—10) adjusted by 0.1 N NaOH and 0.1 N HCl and the reaction
volume was completed by deionized water to 500 wl at reaction
times (5—60) min. Ascending paper chromatography was used for
radiolabeling efficiency assessment using acetone as a mobile phase
to determine free %™Tc0,~% and water: ethanol: ammonia mixture
(5:2:1, v:v:v) to determine colloidal impurities (R-H %°™Tc0,)% using
Nal (Tl) y-ray scintillation counter (SPECTECH, ST450 SCA, USA) for
measuring radioactivity. Radiochemical yield% an indication of the
radiolabeling efficiency was calculated by the following equation:'®

RCY% = 100% — (Free99‘“TcO4’% + Colloid(R — H®™Tc0, )%)

Preparation of *™Tc-Mex-AuNPs

The prepared **™Tc-Mex was filtered by 0.22 pm pore sterile fil-
ter (Millipore Co., Bedford, MA, USA) to remove colloidal radiolabel-
ing impurities. %°™Tc-Mex-AuNPs were prepared by magnetic
stirring of AuNPs with a °®™Tc-Mex solution for pre-set time periods
of up to 90 min to determine the optimal stirring time to obtain max-
imum %™Tc-Mex loading efficiency%. The ®°™Tc-Mex-AuNPs solution
was centrifuged and the radioactivity in precipitate (°°™Tc-Mex-
AuNPs) and supernatant (free ™Tc-Mex) were measured by Nal (T1)
y-ray scintillation counter. The **™Tc-Mex loading efficiency% was
calculated according the following equation:*

9mTc _ Mex loadingefficiency% = (A/(A + B)) % 100

Where A and B are the radioactivity in precipitate (°™Tc-Mex-
AuNPs) and supernatant (free ©°™Tc-Mex), respectively.

In Vitro Stability of *™Tc-Mex-AuNPs in Mice Serum

The in vitro stability of °*™Tc-Mex-AuNPs was performed to evalu-
ate its stability in physiological media, the feasibility of further in-vivo
evaluations studies and confirming its suitability to be a physiologi-
cally stable nano-probe.*” Exactly 100 ul of the 9°™Tc-Mex-AuNPs
was incubated with 900 w1 of normal mice serum for 24 h at 37 °C.
The radiochemical yield% was measured by the previously described
ascending paper chromatography method at 1, 2, 4, 8 and 24 h post-
incubation.

In Vivo Biodistribution Study

Animals and Solid Tumor Induction

According to the ethical guidelines for animal care set by Egyptian
Atomic Energy Authority (EAEA/2019/174), normal male Swiss albino
mice (20—40 g), purchased from (National Cancer Institute, Egypt)
were used for the biodistribution studies. First, for solid tumor induc-
tion 0.2 ml of Ehrlich Ascites solution (12.5 x 10° cells / ml) a parent
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tumor line is injected into the muscle of the right thigh of mice, while
the left thigh acted as a control.>® Solid tumor begins to appear after
about 10—15 days.

Biodistribution Assay

For the assessment of biological distribution and efficacy of tumor
targeting of %™Tc-Mex-AuNPs, the mice were divided into three
groups A, B and C (25 mice / group). Group A includes normal mice
without solid tumor that were injected with **™Tc-Mex-AuNPs intra-
venously (I.V.), Groups B includes solid tumor bearing mice that were
injected with ®*™Tc-Mex-AuNPs intravenously (LV.) and Group C
includes solid tumor bearing mice that were injected with %°™Tc-
Mex-AuNPs directly intratumor (LT.). 100 w1 of 9™Tc-Mex-AuNPs ¢
400 MBq) was injected intravenously (L.V.) in groups A and B while
Group C was injected directly into solid tumor to evaluate biological
distribution, targeting efficiency and target/non-target ratio (T/NT).

At pre-determined time intervals (10, 30, 60, 120 and 180 min)
post injection (p.i.) 5 mice/time interval, the mice were anaesthetized
by chloroform, sacrificed and weighed. Their organs, blood, muscle
and tumor tissue in case of tumor bearing mice were removed, rinsed
with saline and weighed in pre-weighed plastic vials. Radioactivity
uptake for each organ as well as the background was detected using
Nal (T1) y-ray scintillation counter and expressed as percent injected
dose per gram of blood, organ and tumor (% ID/g + SEM) using the
following formula:*’

%1ID/g of fluid /organ

_ Radioactivity of tissue or fluid
" Totalinjected radioactivity x weight of tissue or fluid(g)

x 100

The maximum drug concentrations in different organ and tumor
(Cmax) were expressed in the maximum¥ ID/g of tumor.>®*° The
potentiality and tumor targeting efficiency were evaluated by the
Tumor/Blood (T/B) ratio.**!

Result and Discussion
Synthesis of Methotrexate Loaded Gold Nanoparticles (Mex-AuNPs)

Gold nanoparticles are mainly synthesized by various methods,
including chemical, physical or biological methods.*? Citrate-based
method or Turkevich method one of the common chemical AuNPs
synthesis technique includes reduction of Au *> in hydrogen tetra-
chloroaurate (HAuCl,) to Au® (colloidal gold) using trisodium citrate
(Na3CgHs05) as a reducing and stabilizing agent in an aqueous solu-
tion and produces highly stable gold nanoparticles in size range of 15
—50 nm.”> ** The formation of gold nanoparticles of less than
100 nm was confirmed by changing in color to a ruby red color.*”
Mex-AuNPs were prepared by magnetic stirring of AuNPs with a
methotrexate solution (1 mg / ml) for 30 min to obtain maximum
methotrexate loading efficiency.

Characterization of Mex-AuNPs

Determination of Loading Capacity and Methotrexate Loading Efficiency %

The loading capacity and loading efficiency’% of methotrexate in
AuNPs were studied at different stirring time up to 90 min. Table 1
illustrated that the maximum loading capacity (0.093 + 0.01 mg/mg)
and loading efficiency% (93 + 1.2%) of methotrexate in AuNPs were
obtained at 30 min as an optimum stirring time. This could be as a
result of the small particle size of AuNPs that facilitated drug
loading.*®4” Also, there is no change in the loading capacity and load-
ing efficiency% by increasing the stirring time.

Table 1
The loading capacity and loading efficiency% of methotrexate in AuNPs at different stir-
ring time.

Stirring Free methotrexate Loading Loading
time concentration capacity efficiency
(min) (mg/ml) (mg/ mg) (%)

10 0.029 + 0.01 0.071 +£0.02 71+£1.01
20 0.017 +£0.01 0.083 +0.01 83 +1.31
30 0.007 + 0.00 0.093 +0.01 93+1.2
60 0.007 £ 0.00 0.093 + 0.01 93+1.2
90 0.007 + 0.00 0.093 +0.01 93+12

UV-Visible Spectroscopy of Mex-AuNPs

The Mex-AuNPs were examined using UV—visible spectroscopy to
determine their maximum absorption (A,.x) depending on the phe-
nomenon of Localized Surface Plasmon Resonance (LSPR) and based
on particles size and shape exposed to light at specified wavelength.
Liu et al., 2018 and Aryal et al., 2009"® *° illustrated that the spherical
gold nanoparticles with size 10—22 nm, 50 and 100 nm showed max-
imum absorption at Ayax, 517—530 nm, 540 nm and 575 nm, respec-
tively. Fig. 1 showed the strong absorption peak of Mex-AuNPs at
Amax 525 nm with disappearance of the characteristic peaks of meth-
otrexate at 303 nm.”° This may be as result of the strong overlapping
of AuNPs to methotrexate (LSPR).”" In addition, there was no change
in Amax of Mex-AuNPs upon storage for 3 months at room tempera-
ture; confirming the stability.

Determination of Particle Size (PS), Zeta potential (ZP) and Polydispersity
Index (PDI) of Mex-AuNPs

The particle size and zeta potential determination is very impor-
tant to control the in vitro and in vivo behavior of Mex-AuNPs. The
particle size of Mex-AuNPs was ~ 20.3 nm and PDI value was in the
acceptable range (< 0.5).°? The zeta potential of Mex-AuNPs was
—17.6 mV indicating considerable physical stability.>>

Morphological Examination

Transmission Electron Microscopy (TEM) confirms the formation
of a small spherical AuNPs varying in core sizes of (nearly) ~ 10.3 nm
as shown in Fig. 2.

In Vitro Release of Mex from Mex-AuNPs

The in vitro methotrexate release was studied to evaluate the sta-
bility of Mex-AuNPs in solution and it was done in phosphate buffer
pH 5 and pH 7.4 to mimic the acidic tumor microenvironment and
the physiological pH, respectively. Tumor cells exhibit lower acidity
than that of normal cells which might lead to better tumor targeting
and drug release from formulations.*>> As shown in Fig 3, the
release profile of Mex from Mex-AulNPs illustrated higher drug
release at pH 5, Qp5 h and Qg were 21.2 + 1.5% and 92.9 + 3.4%,
respectively while, Qp5 h and Qg at pH 7.4 were 7.4 &+ 1.25% and
18.8 & 2.1%, respectively. The in vitro release profile of methotrexate
from Mex-AuNPs at pH 5 exhibits biphasic drug release; initially rela-
tively high release from the core shell followed by release from the
core, allowing for sustained methotrexate release up to 8 h.>® Conse-
quently, methotrexate released from Mex-AuNPs highly accumulated
in the tumor as a result of its acidic pH. As a result, it is possible to
optimize the cytotoxic effects and improve tumor selective targeting
using AuNPs drug delivery system for chemotherapeutics.®”->

In Vitro Cytotoxicity of Mex-AuNPs

The cytotoxic potential (Cell viability%) of Mex-AuNPs (1 mg/ml)
in different concentrations (0.024—50 w1/100 wl) against MCF-7
breast cancer cells was investigated by MTT assay technique. As
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Figure 1. UV—visible spectroscopy of Mex-AuNPs.

Figure 2. Transmission electron microscopy micrograph of Mex-AuNPs.
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shown in Fig 4, the cell viability% decreased by increasing the concen-
tration of Mex-AuNPs. The in vitro cytotoxicity results and Table 2
illustrated that the Mex-AuNPs showed higher anticancer activity
with inhibitory concentration (ICsp = 0.098 + 0.01 «1/100 wl) that
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three times lower than inhibitory concentration of free Mex
(ICs0=0.3 £ 0.04 1£1/100 wl) and lower than the inhibitory concentra-
tion of free AuNPs (IC50-0.8 & 0.06 1£1/100 w1). The high accumulation
in tumor cell and the enhanced inhibitory activity of Mex-AuNPs with
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Figure 4. In Vitro cytotoxicity profiles of different concentration of Mex-AuNPs, free Mex and free AuNPs concentration against MCF-7 breast cancer cells, as investigated by MTT

assay technique.
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Table 2

Inhibitory concentration (ICso) of Mex-AuNPs and free Mex solutions (1 mg/ml) against
100 wl of MCF-7 breast cancer cells (5 x 10* cells) as investigated by MTT assay

Preparation of *™Tc-Methotrexate (°°™Tc-Mex)

99mTc_Methotrexate was successfully prepared with maximum

technique. . . . . . .
eqmase radiochemical yield (98.3 £ 1.09%) by direct reduction method using
wul of solutions (mg/ml) pg/ml mM 100 wl of a fresh pertechnetate elute, 100 1 of Methotrexate solu-
Mex-AuNPs 0.098 + 0.01 98 4101 0.22 +0.02 tion (1 mg/100 wl) (Fig. 5A), 100 ul of sodium dithionite solution
free Mex 0.3 +0.04 300 + 40 0.66 + 0.09 (NazS;04) (30 mg/100 wl) (Fig. 5B), reaction pH 6 (Fig. 5C) and reac-

lower concentration (~ 1/3 of the free Mex concentration) may be due
to the unique nanoscale particle size of gold nanoparticles that pas-
sively enter the cellular environment through fenestrations (-~ 200
—780 nm) between the endothelial cells of defective architecture
blood vessels, and retained due to the impaired lymphatic drainage
this is called EPR effect.”*%°
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tion time 15 min (Fig. 5D) at room temperature (~ 25 °C).
Preparation of *™Tc-Mex-AuNPs

The loading process of **™Tc-Mex with AuNPs depended on stir-
ring time. The maximum loading efficiency% (93 + 1.2%) of %™Tc-
Methotrexat was obtained after a stirring time of 30 min similar to
the stirring time required to obtain the maximum loading of metho-
trexate onto AuNPs.
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Figure 5. (A—D): Variation in the radiochemical yield% of ®*™Tc-Methotrexate (°™Tc-Mex) complex as a function of (A) Mex concentration, (B) Reducing agent (Na,S,0,4) concen-
tration, (C) Reaction mixture pH, (D) Reaction time.
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Figure 6. In Vitro stability of °*™Tc-Mex-AuNPs in mice serum.

In Vitro Stability of %™ Tc-Mex-AuNPs in Mice Serum

The in vitro stability of ®*™Tc-Mex-AuNPs was studied in normal
mice serum. As shown in Fig. 6 the radiochemical yields estimated
chromatographically, remained unchanged for 3 h post-incubation
and slightly decreased by 6% only and still > 90% after 24 h incuba-
tion. This remarkable in vitro stability in a biological fluid definitely
promises a convenient in vivo stability of the %™Tc-Mex-AuNPs.

In Vivo Biodistribution Study

The biodistribution study is very important to determine the
pharmacokinetics of the newly nanoradiopharmaceuticals. The in
vivo biodistribution of ®™Tc-Mex-AuNPs was studied in three experi-
mental mice groups A, B and C (25 mice / group). Group A included
normal mice without solid tumor that were injected with %°™Tc-
Mex-AuNPs intravenously (LV.) for determination of the *™Tc-Mex-
AuNPs biodistribution pattern. Groups B and C included solid tumor
bearing mice to study the accumulation of ®*™Tc-Mex-AuNPs in solid
tumor following LV. and direct intratumor (L.T.) injection, respec-
tively. In A, B and C groups the% ID/g of different organs, blood and
tumor were determined post injection at pre-set time intervals (10,
30, 60, 120 and 180 min) using 5 mice/time interval (Fig. 7, A—C).
Group A showed the normal biodistribution with high accumulation
of %MTc-Mex-AuNPs in the liver (25.79 + 0.36%ID/g) and spleen
(23.27 £+ 0.33%ID/g) at 120 min post intravenous injection (Fig. 7, A).
This may be due to the accumulation of gold nanoparticles in reticu-
loendothelial organs (liver and spleen)®! due to the nature of the
leaky blood vessels of these organs and the phagocytic uptake by
macrophages.®>%® Fig. 7A indicates an increase in the blood concen-
tration of ®*™Tc-Mex-AuNPs to 16 + 0.18% ID / g at 30 min post intra-
venous injection in normal mice, and this may be due to small
particle size whereas the particles with a diameter of 100 nm or less
avoiding internalization with Mononuclear Phagocyte System (MPS)
by longer circulation times in order to reduce clearance by

macrophages.® Then, the nanoparticles are recognized by MPS with
opsonization which consists of the binding of blood opsonins to
nanoparticles’ surface thus, inducing its phagocytosis and accumula-
tion in the liver (Kuppfer cells). The liver acts as a reservoir toward
nanoparticles conditioning their rapid first-phase disappearance
from the blood.®”

The biodistribution profile for group B in Fig. 7 B is revealed to
lower accumulation of ®*™Tc-Mex-AuNPs in liver and spleen than
group A. The blood concentration decreased gradually over time with
increasing in tumor accumulation at 60 min post intravenous injec-
tion and this may be due to tumor accumulation of **™Tc-Mex-AuNPs
because active tumor targeting of methotrexate (a folic acid ana-
logue) and passive targeting of small sized gold nanoparticles due to
high enhanced permeability and retention (EPR) effects that facilitate
penetration and accumulation of °™Tc-Mex-AuNPs at the tumor.®%%’
Fig. 7 C showed the importance of intratumoral injection of ®°™Tc-
Mex-AuNPs in reducing its side effects due to the minimal accumula-
tion within the organs.

The comparative tumor uptake of *™Tc-Mex-AuNPs between IT.
and LV. injection for group B and group C, respectively in Fig. 7 D
showed the dramatic differences in tumor accumulations where the
maximum tumor uptake of %°™Tc-Mex-AuNPs in group B was
20 + 0.42%ID/g at 60 min post LV. injection while the group C achieved
highest tumor uptake (93 £ 0.39%ID/g) at 10 min post direct L.T. injec-
tion in solid tumor and retained with high tumor uptake (79 + 0.65%ID/
g) up to 60 min post L.T. injection before escaping into blood stream.

It is important to evaluate the target (solid tumor in the right
thigh) to non-target (the muscle in the left thigh) (T/NT) ratios of
99mTc_Mex-AuNPs as revealed in Fig. 8. It is demonstrated that prom-
ising results were obtained throughout all the experimental time
points. The maximum T/NT ratios of 12.5 4+ 0.21 and 58.1 4+ 0.91were
achieved at 60 and 10 min post L.V. and LT. injection, respectively.
The potentiality of a new nanoradiopharmaceutical depends on the
Tumor/Blood (T/B) ratio that must be higher than one. The %*™Tc-
Mex-AuNPs showed T/B ratio > 1 at all-time post L.T. delivery and at
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Figure 7. (A—D): The comparative in vivo biodistribution and tumor uptake of *™Tc-Mex-AuNPs (% ID/g + SEM, n = 5) in normal and tumor bearing mice at pre-determined time
intervals post-injection A (Intravenous injected normal mice), B (Intravenous injected tumor bearing mice), C (Intratumoral injected tumor bearing mice) and D (The comparative

Tumor uptake of ®*™Tc-Mex-AuNPs post Intratumoral and Intravenous injection).

60, 120 and 180 min post LV. injection (Table 3) with drug targeting
efficiency percent (DTE%) higher than 100% at all-time points. Conse-
quently, 9™Tc-Mex-AuNPs can be considered new potential nanora-
diopharmaceutical in tumor diagnosis.

Conclusion

Development of specialized nanoradiopharmaceuticals for use in
tumor diagnosis and treatment has become an urgent necessity. The
AuNPs was synthesized by a modified Turkevich technique using tri-
sodium citrate as a reducing and stabilizing agent. The Mex-AuNPs
successfully prepared in small spherical particle size (20.3 nm), PDI
(< 0.5) and a zeta potential (—17.6 mV) with loading efficiency%
(93 + 1.2%) of methotrexate at 30 min as an optimum stirring time
and showed strong absorption peak for Mex-AuNPs at Apax, 525 nm.
The Mex-AuNPs showed in vitro higher release percent (Qgp;

92.9 + 3.4%) of methotrexate at pH 5 than physiological pH 7.4. The
Mex-AuNPs presented high anticancer activity against MCF-7 breast
cancer cells with inhibitory concentration (ICso = 0.098 1£1/100 wl)
that three times lower than inhibitory concentration of free Mex. The
methotrexate was radiolabeled by ®*™Tc in maximum radiochemical
yield% ~ 98.3 £+ 1.09% using direct labeling process, and high effi-
ciently loaded (loading efficiency ~ 93%) to prepare °°™Tc-Mex-
AuNPs. The preclinical biodistribution study results in solid tumor
bearing mice showed the highest tumor uptake (20 + 0.42%ID/g) at
60 min post L.V. injection and (93 & 0.39%ID/g) at 10 min post direct I.
T. injection in solid tumor in addition the highest T/NT ratio
(58.1 +0.91 at 10 min post LT. injection) and T/B ratio > 1 at all-time
post LT. injection. This superior tumor targeting and selectivity of
99mTc_Mex-AuNPs and also its enhanced cytotoxicity qualify it to be a
new theranostic nano-radiopharmaceutical with dual use in diagno-
sis and treatment of tumors.
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Figure 8. Target to non target (T/NT) ratios of °*™Tc-Mex-AuNPs as a function of time following Intratumoral and Intravenous injection.

Table 3
Tumor to blood (T/B) ratios of *™Tc-Mex-AuNPs as a function of time following Intra-
tumoral (IT) and Intravenous (IV) injection.

Time (min) 99mTc_Mex-AuNPs

T/Bir T/By
10 258+0.2 0.63 +0.03
30 144+ 0.1 0.91 +£0.01
60 6.07 £ 0.09 1.49 +0.02
120 9.3 +0.09 1.28 +£0.02
180 8.2+0.08 1.17 £ 0.01
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