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Abstract

Background: Theranostic nanomedicines contain a nanovehicle that has fluorescent
properties and can be used for diagnostic, therapeutic and prognostic purposes. The
transferrin receptor expression is 1000-fold higher in rapidly growing cancer cells as
compared to the normal cells and, therefore, can be used in targeted drug delivery sys-
tems. The objective of the present study was to design a novel targeted gold nanopar-
ticle (GNPs)-based theranostic formulation for gastrointestinal (Gl) tract-related cancers.
The synthesized GNPs were conjugated to transferrin and doxorubicin both separately
and collectively to check their cytotoxic properties. The in vitro cytotoxicity of nano-
composites was observed against colon cancer cell line HCT-116. The doxorubicin
conjugated nanocomposites showed almost the same cytotoxicity, but more effect at
later hours (h). The IC5, and IC, o were 50 pg/ml and 250 pug/ml, respectively, equivalent
to the doxorubicin weight for GNP theranostic nanomedicine.

Results: The maximum effect was observed after 12 h and nanomedicines were still
active after 72 h of treatment. Our in vivo data proved that nanomedicine crossed all
the barriers and was successfully delivered to the tumour cells. Theranostic nanomedi-
cine’s (TNM) effect on body weight and survival rate on mice was many folds better
than mice in pure doxorubicin group. It also showed almost 80% survival rate on day
40.The in vivo and in vitro results show the effects of prolonged drug release and the
nanomedicine was not toxic to vital organs of the animal.

Conclusion: This is one of its kind studies in which a novel targeted nanomedicines
approach was formulated for therapeutic as well as prognostic purposes against Gl
tract cancer.
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Introduction

Theranostic is a novel terminology in the pharmaceutical industry, applied to prod-
ucts having both diagnostic and therapeutic properties (Chen et al. 2014). Designing
the theranostic nanomedicines by combining the properties of diagnostic and thera-
peutic effects in one formulation is very useful in global public health issues. Nano-
particles (NPs) deliver the drug to cancerous cells for the maximum possible effect.
They also increase drug retention as well as tumour vicinity time in the bloodstream,
making them favourable even in passive targeted drug delivery (Cho et al. 2008). The
role of targeted theranostic nanomedicines in drug delivery has a promising role to
play.

The selection of nanovehicle and suitable ligand is very important for targeting drug
delivery to cancer cells. Gold nanoparticles (GNP) are the most efficient to function as
nanocarriers in prognostic, diagnostic as well as for cancer treatment purposes. Their
fluorescent quenching properties (Verma et al. 2014) give them more edge over other
NPs (Wolfbeis 2015).

In a previous study, the effect of surface moieties in attachment on negatively
charged GNPs and has been investigated. The size of nanoparticles influences the
emission energies, the shift of florescence intensities and peaks. To optimize the sur-
face characteristics of GNPs, a suitable surface ligand may be attached to keep the
size on the small side (Goldys and Sobhan 2012) of the final composite.

Targeted drug delivery (TDD) is important in cytotoxic effects minimization in all
kinds of anticancer approaches. Another advantage is to release the drug in a con-
trolled manner to avoid sudden adverse health effects of drugs (Langer 1998). There
are many approaches of TDD for different cells and organs. The majority of these use
membrane-bound cancer-specific antigens (Sudimack and Lee 2000). The involve-
ment of nanocarriers has drastically changed the fate of TDL in the field of diagnos-
tics and therapeutics (Singh and Lillard 2009); (Nagaich 2015).

Many of the cancer-specific cell surface receptors have many fold higher copy num-
ber on cancer cells as compared to the normal cells, for example transferrin receptor
(Daniels et al. 2006a); (Jones et al. 2006). It is involved in the uptake of iron for hyper-
biological activities like uncontrolled cell growth in cancer. Therefore, the transferrin
receptor is very important in TDD of cancer for nanomedicines.

Gastric cancer is the third most deadly cancer (epidemiology of gastric cancer:
global trends, risk factors and prevention), thereby necessitating an urgent need to
establish a specific targeted therapy that acts only on cancerous cells. Targeted drug
delivery with theranostic nanomedicines may be useful to overcome many problems
in the diagnosis and treatment of cancer, usually common with trivial medicines.

The current study covers the development of novel theranostic nanomedicines
using GNP as the nanovehicle for targeting drug delivery on cancerous cells. The diag-
nostic, prognostic, bioimaging, and therapeutic abilities of GNP theranostic nano-

medicines were investigated in this study by using in vivo and in vitro approaches.
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The cysteine-capped GNP (nanocarriers) coupled with ligand transferrin protein and
doxorubicin have potential to treat gastric cancer and can be a promising drug in the

near future.

Results

Characterization of GNP theranostic nanomedicine

Binding efficiency (conjugates stoichiometry)

Stoichiometric analysis showed that 173.04 gold atoms were presented in a single gold
nanoparticle and a total of 1.232 x 10'® GNPs were synthesized in a single batch. Cal-
culations showed that approximately 115 cysteine capped a single GNP approximately
15 nm in size and a total of 1.42 x 10°° were presented in a single batch of GNP.
Doxorubicin binding efficiency to cysteine on GNP was 61.5%. Calculations from pre-
coupling and post-coupling doxorubicin solution showed that 41.85 mg doxorubicin
was conjugated to 50 mg of particles. Lastly, the GNP theranostic nanomedicines
were suspended in 5 ml of deionized water, so the final concentration of doxoru-
bicin conjugate to GNP was 8 pg/ pul, protein conjugated efficiency was 93% and total
130.5 pg of transferrin conjugated to 50 mg cysteine-capped GNP. Schematic synthe-
sis and model of GNP theranostic nanomedicines and intermediate nanocomposites
are shown in Fig. 2.

UV-Vis spectrophotometry

UV spectroscopy is an important strategy for the characterization of the nanoparticles
during formulations. The colloidal GNP in liquid suspension showed maximum absorb-
ance with single peak at 520 nm (Fig. 1a) and GNP-Cys at 520 nm (Fig. 1b). After con-
jugation of GNP-Cys with doxorubicin, a new UV spectrum was obtained with two
peaks—one organic at 290 nm and another inorganic at 510 nm (Fig. 1c). UV spectrum
of GNP theranostic nanomedicine (after conjugation with transferrin) showed a red shift
in peak; the inorganic peak now appeared at 525 nm and the organic peak at 340 nm
(Fig. 1d).

Excitation and emission spectra

GNP and all of its nanocomposites showed emission peak with different peak intensi-
ties when excited at specific wavelength. Nanocomposites were excited in the range of
359-364 nm and maximum emission was recorded. Bare GNP had the highest emis-
sion intensity 168.9 (Fig. 1g) that decreased after conjugations; the final emission inten-
sity was noted as 116.2 (Fig. 1h). Fluorescent properties of nanoparticles were further
observed under UV (excitation 350 nm with blue emission 450 nm), blue (excitation
450 nm with green emission 550 nm) and green filters of fluorescent microscope (exci-
tation 550 nm with deep red emission 690 nm). Fluorescence of GNP and GNP-CYS
appeared only in blue and green emission filter, while after conjugation to doxorubicin
(Fig. 1i), the last two nanocomposites’ fluorescence also appeared in the red emission
filter (Fig. 1f).



Lodhi et al. Cancer Nano (2021) 12:26

|
2.4] a . f e d < b ; e
|
) 520 nm
8
o 1.6
]
£
«
2
5
@ 0.84
E-]
< f
0.0
200 300 400 500 600 700

Wavelength (nm)

3 520 nm
&
o 1.61
]
€
g g
-]
° 168.8
? 0.8 160
32 0.
< 140
120
100
0.0 y 80
300 400 500 600 700 60
Wavelength (nm) 40
20
ey -0.1
= c 200 250 300 350 400 450 500 550 600 650
1.2
E)
8 .
]
H 0.9+
«
2
=
o
2
< 0.6
200 400 600
Wavelength (nm) Y 0 4 2 06
nm o
d 22, I
= 20
8 0.64 18|
1
8 14
s 12]
£ 0.56 10]
2 8
2 6
<
2
0.48 0.1
200 250 300 350 400 450 500 550 600 650 700
nm

300 400 500 600

Wavelength (nm)
Fig. 1 UV spectroscopy analysis. a GNP spectrum shows maximum absorbance and peak at 520 nm, b GNP-
Cys at 520 nm, € GNP-Cys—-Dox at 510 nm and at 290 nm. d UV spectrum of GNP theranostic nanomedicines
shows a red shift in peak and now the inorganic peak with maximum absorption is at 525 nm with
absorption 0.650 and organic peak is at 340 with absorption 0.573. e Optical properties of gold nanoparticles
with different sizes:a10, b 25, ¢ 50, d 70, e 100, f> 100, g > 500. f Final GNP theranostic nanomedicine shows
the fluorescence under UV excitation, blue excitation and green excitation filters with strong fluorescence in
blue filter. g, h Excitation and emission spectra of GNP and nanomedicine show emission at 362.3 nm with
different intensities 168.9 for GNP and 116.2 for GNP theranostic nanomedicine

FTIR analysis for GNP nanocomposites

GNP synthesis and conjugation of cysteine, doxorubicin and transferrin to GNP were
studied by FTIR spectroscopy analysis. Figure 2a, b shows the FTIR spectra of cysteine
and doxorubicin with characteristic peaks, respectively. In GNP FTIR spectroscopy
analysis (Fig. 2c), the appearance of specific peaks proved the successful reaction of
reduction between gold salt and citric acid. The formation of dicarboxy acetone was
observed by the appearance of a stretching peak at 1634.55 cm™'—the indication of
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Fig. 2 FTIR spectroscopy analysis. FTIR spectra of cysteine shows the characteristics peaks of cysteine at
position 752.5 cm ™' CH, rock, at 805.3 cm™' COO wagg, at 866.4 cm™' N-O stretch, at 941.9 cm~' SH bend,
at 1062.5 cm~" NH; rock, at 1139.2 cm ™' SO, stretch, at 1196.2 cm ™' CH, twist, at 1295.7 cm~" CH, wagg,

at 1345.6 cm ™' NH; bend, at 1418.7 cm™' CH2 bend, at 1520.5 cm™~' N=0 stretch, 1575.5 cm™' NH; bend,
at 2549.7 c ™" SH stretch and at 2952.9 cmn ™" CH2 stretch. FTIR spectra of free doxorubicin hydrochloride
shows the characteristics peaks of doxorubicin including strong stretch of primary alcohol at 989.8 cm™!
and other stretching peaks of alcoholic groups at 1000-1150 cm ™', amine stretching at 3299.9 cm~', alkane
stretch at 2942.7 cm ™, aromatic group stretch peaks in area 1412-1616 cm ™', C-O-C stretch of ether at
position 1283.1 cm™" and C=0 stretch of ketone at 1730.2 cm™". FTIR spectroscopic analysis of GNP shows
the spinal structure of GNP. The peak at 1634.55 cm™' represents the ketonic carbon oxygen double bond.
The peak at 1541.46 cm ™" represents the R-CO, stretching, 1029.92 cm ™" is the C-O stretching and the

peak at 3252.916 cm ™' represents the O—-H group stretching. FTIR spectroscopic analysis of GNP-cysteine
shows the successful incorporation of cysteine on GNP. The disappearance of S—-H peak at 2549.7 cm™!

and the appearance of cysteine functional group amine N-H stretch at 3447.36 cm™', N-H bend at area
1580-1650 cm™', carboxylic group C=0 stretch at 1650.76 cm~" and C-O stretch at 1005.19 cm™' confirm
the conjugation of cysteine with GNP. FTIR spectroscopic analysis of GNP—cysteine—doxorubicin shows the
successful conjugation of doxorubicin with cysteine carboxylic group on GNP. The disappearance of C=0
stretch at 1650.761 and C-O stretch at 1005.194 of GNP-Cys spinal structure and appearance of amide bond
(C-N) stretching peak at 1278.702 and doxorubicin-specific peaks confirm the conjugation of doxorubicin
with GNP-Cys nanoparticles. FTIR spectroscopic analysis of GNP—cysteine—doxorubicin—transferrin shows
the successful conjugation of transferrin with cysteine amine group on GNP. The disappearance of N-H
stretching peak at position 3270.710 and N-H bent at 1614.247 of GNP-Cys—Dox spinal structure confirm the
conjugation of doxorubicin with GNP-Cys—Dox nanoparticles

ketonic carbon oxygen double bonds. The peaks at 1541.46 cm ™! and 1029.92 cm™! sig-
nify the reduction of gold salt with citric acid. The peak at 1541.46 cm™! represented
the R-Co, stretching, the peak at 1029.92 cm™' was the C—O stretching and peak at
3252.91 cm™! showed the O—H group stretching of carboxylic acid. In FTIR spectra of
GNP conjugated with cysteine (Fig. 2d), the disappearance of the specific thiol peak of
cysteine at 2549.70 cm ™! confirmed the successful binding of cysteine linker at GNP. On
the other hand, many peaks specific to GNP disappeared and new peaks were observed
in FTIR analysis of GNP-Cys conjugates. In GNP-Cys FTIR spectra, the characteristic
peaks of cysteine were observed at the spinal structure of GNP; the most important one
was seen at 3447.36 cm™! which represented the N-H stretch of primary and second-
ary amines. The mild peaks of the N-H bend of amines were seen in the area defined by
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Lodhi et al. Cancer Nano (2021) 12:26 Page 6 of 27

1580-16 cm™!. The carboxylic group C=0 stretch was seen at 1650.76 cm™! and C-O
stretch was observed at 1005.19 cm ™. In GNP—Cys—Dox FTIR spectra (Fig. 2e), the dis-
appearance of C=0 stretch at 1650.76 cm ™! and C-O stretch at 1005.19 cm™! of GNP—
Cys spinal structure was seen with the appearance of amide bond (C-N) stretching peak
at 1278.70 cm ™' —thus confirming the conjugation of doxorubicin with GNP-Cys nano-
particles. The strong N—H stretching peak of cysteine was still observed at 3270.71 cm™*
in the new FTIR spectra with N—H bend at position 1614.24 cm™'. The characteris-
tic peaks of doxorubicin were also observed at positions where they were seen in free
doxorubicin with slight shifts. New FTIR spectra showed strong stretching peak of pri-
mary alcohol at 984.95 cm™ !, alkane stretch at 2959.15 cm ™!
peaks at position 1408.46 cm ™! and C—-O-C stretch ether at position 1278.70 cm ™. The
fourth reaction involved the conjugation of amine group of transferrin protein with the

, aromatic group stretching

amine group of third composite by double glutaraldehyde method (Fig. 2c). The con-
jugation of transferrin to third composite was confirmed by the disappearance of the
strong N—H stretch of amine group at position 3270.71 cm™! and N-H bend at position
1614.24 cm™! on GNP-Cys—Dox spinal structure. The transferrin protein conjugation
was confirmed by shifting of the old peaks and appearance of new peaks due to the suc-
cessful conjugation of transferrin on amine group through N-N linkage.

Dynamic laser scattering analysis

DLS analysis of particles showed the size and dispersity of GNP nanocomposites. All
nanoparticles showed monodispersity and narrow size range except doxorubicin con-
jugated nanocomposites which showed small aggregations and was reversed after pro-
tein conjugation. DLS analysis of GNP showed nanoparticles distribution in size range
of 20 nm to 30 nm with mean size of 25 nm (Fig. 3b); cysteine-capped GNP showed size
range of 20 nm to 35 nm with mean size of 30 nm (Fig. 3c). Doxorubicin conjugated
cysteine-capped GNP showed nanoparticles in the size range of 200 nm to 380 nm due
to aggregation of particles (Fig. 3d). After transferrin conjugation to nanocomposites,
size was observed in the range of 100 to 150 nm with mean size of 98 nm polydispersity
index (PI) of 0.214 (Fig. 3e).

Transmission electron microscopy

The size of synthesized GNPs was also characterized by transmission electron micro-
scope. Figure 3f shows the synthesized naked GNP uniformly distributed, spherical in
shape and with the mean size of 13 nm. After conjugation with cysteine, the shape of
the GNP-Cys nanocomposites remained spherical and the size did not increase; alter-
natively, an even more refined size distribution of 14 nm was observed (Fig. 3g). Third
nanocomposites after conjugation of doxorubicin with cysteine on GNP showed an
increase in the size of nanoparticles by about 25 to 50 nm and the mean size was 45 nm;
the shapes of particles were still spherical, but particles tend to come closer. The shape of
the particles and selected area electron diffraction (SAED) pattern gave a clear indication
of successful coating of particles with doxorubicin as well as of the crystalline nature of
nanocomposite (Fig. 3h). After the final conjugation with transferrin, the nanocompos-
ites’ shape, size, SAED pattern and trend of particles are shown in Fig. 3i. The particles
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Fig. 3 Characterization of GNP nanocomposites and theranostic nanomedicines. a The schematic
presentation of theranostic nanomedicine synthesis. DLS analysis. b DLS analysis of GNP shows particles in
size range of 20 to 30 nm, with mean size of 25 nm and ¢ GNP—cys in size range of 20 to 35 nm, with mean
size of 30 nm. d DLS analysis of GNP-Cys—Dox shows particles in size range of 200 to 380 nm, with mean
size of 238 nm due to aggregating the property of doxorubicin and e GNP theranostic nanomedicine shows
particles in the size range of 100 to 150 nm, with mean size of 98 nm. TEM analysis. f TEM micrograph of GNP
shows spherical particles of size below 20 nm with mean size of 13 nm, monodisperse with uniform size
range. g GNP-Cys micrograph shows uniform, monodispersed, stable, and spherical nanoparticles of mean
size 14 nm. h TEM micrographs of GNP-Cys—Dox show nanocomposites of mean size of 45 nm with SAED
pattern, and the micrograph of theranostic nanomedicines shows mean size of 68 nm with its SAED pattern

(i)

with light outer shade indicated the successful conjugation of protein on third nanocom-
posites. It also indicated that the nanocomposites are stabilized monodispersed particles
with the final mean size of 68 nm and polycrystalline in nature.

Cellular cytotoxicity with different GNP nanocomposites

Three GNP nanocomposites in lower concentration (1 pug/pl) stock was taken, as 5 pl /ml
of medium (5 pg/ml) (GNP-Cys, GNP-Cys—Dox and GNP-Cys—Dox—transferrin) and
tested against colon cancer cell line and statistically (ANOVA) compared to see the ther-
apeutic effect of nanocomposites. The GNP-Cys showed a toxic effect on cancer cells,
but only on 8% with 92% cell viability. GNP—Cys—Dox and GNP theranostic nanomedi-
cines proved more toxic due to the conjugation of doxorubicin, and cell viability was
almost same in both composites (Fig. 4a). GNP-Cys—Dox showed 83% cell viability after
transferrin conjugation and a little difference in cell viability was observed (80%). Obser-
vation of cell morphology showed that even adherent cells were not in good shape due
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Fig. 4 Cytotoxic effect of different GNP nanocomposites, different concentrations of GNP theranostic
nanomedicine, effect at different time points and concentration determination in terms of fluorescent
intensity. a The cell viability of the first composite (GNP-Cys), second composite (GNP-Cys—Dox) and the
third composite (final theranostic nanomedicines (GNP-Cys—Dox-Trans) for 6 h. b The accumulative effect
of different concentrations of nanomedicine at 6 and 24 h and ¢ cytotoxic effect of different concentrations
at two time points 6 and 24 h. d, e Cytotoxic effect of GNP theranostic nanomedicine at 6, 12, 24, 48,
72 h. Percentage viability shows the persistent effect of nanomedicine still at 72 h. f (fluorescent intensity
at different time points by image J software) Total window fluorescence (67.19 cm?) of GNP theranostic
nanomedicine and a decrease in intensity after 6 h that tends to rise and maximum at 24 h. Red represents
doxorubicin concentration and green represents GNP nanoparticles. At 72 h most of the nanoparticles
and doxorubicin leave the cells, resulting in fluorescence reduction. Data represented in the form of mean
(n=3)=SD with p value <0.0001 (***)

to the longer presence of nanomedicine. Data lied in confidence interval and showed the

significance of comparison.

Dose selection for GNP

Different concentrations of GNP theranostic nanomedicines equivalent to different con-
centrations of doxorubicin were checked against colon cancer cells at 6 h and 24 h incu-
bation. This assay was used to check the optimized time for GNP nanomedicine effect
and optimum concentration for further assays. It was also used to get the IC 50 value
and IC 100 value for GNP theranostic nanomedicines. Statistical comparison (n=3) of
mean value of cell viability, neutral red assay absorbance and percentage viability of dif-
ferent concentrations are shown in Fig 4b, c. Inhibitory concentration 50 (ICs;) for GNP
nanomedicine was 50 pg/ml and IC,,, was 500 pg/ml for our experiments. Figure 4b
shows that the accumulative effect of the drug at two time points—6 and 24 h—at differ-
ent concentrations. The cell cytotoxicity was observed in a dose-dependant manner with
increasing concentration of drug used (Fig. 4c). The statistical analysis was performed by
ANOVA for group data and data lied in confidence interval with p value <0.0001.

Cellular cytotoxicity and drug binding
Cellular cytotoxicity was observed in terms of cell viability and relative number of
live and dead cells compared at different time points (6 h, 12 h, 24 h, 48 h and 76).

Page 8 of 27
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shows the presence of nanoparticles, while red fluorescence is due to doxorubicin. Examination confirmed
the prolonged drug presence with controlled drug release even at 72 h. b Intracellular tracking, receptor
binding and intracellular localization of GNP theranostic nanomedicine that cause variation in binding and
fluorescent intensities correlated to nanoparticles and doxorubicin concentration at 6, 12, 24, 48,and 72 h

After each time point, the culture plate was observed under inverted and fluorescent
microscope to observe the cell morphology and drug binding to the cell surface by
fluorescence emission of GNPs and doxorubicin. Cells started to show changes in
cellular morphology as compared to the untreated samples, and the same pattern
was observed until the last time point (76 h). The overall cell morphology was round
and shrunken. A pale area from the boundaries around the cell was prominent. The
microscopy revealed the drug binding only on cell surface rather than in intercellu-
lar spaces in the medium, proving successful drug binding to the cell surface. Fluo-
rescent microscopy proved the successful drug delivery after 6 h of post-treatment
by the presence of doxorubicin inside the nucleus of the cancer cell (Fig. 5a). After
6 h post-treatment, the cells started to clump up and showed an increase in GNP
and doxorubicin concentration. Fluorescence intensified after 12 h post-treatment
and a magnified image showed the separation of nanoparticles from doxorubicin.
Most of the doxorubicin was found in the nucleus of cells, while nanoparticles were
observed in cytoplasm. After 24 h post-treatment, the doxorubicin killed the major-
ity of the cells and was released in the medium as a result of cell membrane damage.
At this point, the cells started to lose fluorescence and after 72 h post-treatment,
the cells appeared faded under the fluorescent microscope. This cell cytotoxicity
study showed that the GNP-based theranostic nanomedicine was effective even at
72 h due to the slow release of doxorubicin. Viability study showed different effects
of the drug at different time points. It was most effective at 12 h and 24 h post-
treatment. It was also effective at other points too but to a lesser extent. At 6 h, the
viability was only 83% and at 12 h it was 43%. Mean comparison of cell viability at
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Fig. 6 In vivo and vitro receptor binding of GNP theranostic nanomedicine on gastric cancer tissues.
Fluorescence in different filters (c) shows the presence of GNP nanoparticles and doxorubicin in tissue.
Fluorescence only in tissue portion and not on slide showed receptor targeting and binding of theranostic
nanomedicine to tissue. Nanocomposites due to doxorubicin presence give golden fluorescence under
blue excitation filter. a The cellular tracking of GNP theranostic nanomedicine in vivo at different time points.
Figure shows GNP theranostic nanomedicine binds to the receptor with different intensities at different time
points. Maximum binding can be seen at 12 h and the most affected portions show the presence of more
drugs. The concentration of nanoparticles and drug reduces after 12 h and at 48 h and, at 72 h, traces remain
with still some nanomedicine at the most affected portions. b (fluorescent intensity graph) The maximum
binding of nanomedicines to receptor at 6 h that gradually reduces. Nanoparticles give blue and green, and
doxorubicin gives red fluorescence. Intensity calculation is shown

different time points demonstrated that the data were within the significance inter-
val with p value<0.0001 (Fig. 4d). Comparison of live—dead cells also verified the
viability study of strong medicine that action was at 12 h and remained still after
72 h (Fig. 4e).

Intracellular GNP and doxorubicin tracking

Image ] software was used to reduce the counter fluorescence for the GNP and doxo-
rubicin fluorescence independently. By this method, the GNP and doxorubicin were
tracked inside cells as shown in Fig. 5b. Most of the nanomedicine drug dose was
bound to cells after 6 h and showed fluorescence on whole cell surface. After 12 h
post-treatment, the cells gave sharp combined fluorescence but it was decreased
after subtracting the counter fluorescence, thereby showing that most of the dox-
orubicin, still associated with GNP. After 12 h, doxorubicin was not only tracked
inside the nucleus but also in cytoplasm with GNP. After 24- and 48-h post-treat-
ment, most of the doxorubicin was located inside the nucleus and GNP in cytoplasm
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and, after 72 h, the concentration inside cells started to vanish. Green fluorescent
intensity was in proportion to the amount of GNP nanoparticles and red fluorescent
intensity was in proportion to doxorubicin amount. Twenty cells in each group were
used to calculate intensity and their means were compared by ANOVA. Figure 4f
shows that the higher intensity points were 6 h and 12 h, and the intensity started to
reduce after 24 h. Data were at significant intervals with p value <0.0001.

GNP binding to receptor on gastric cancer tissue (in vitro)

Gastric tissue cryosection was incubated with GNP theranostic nanomedicine to
check the binding ability of nanomedicine to target tissue in vitro. Figure 6¢ shows
the successful binding of GNP theranostic nanomedicine to transferrin receptors on
gastric tissue. Fluorescence in the blue and green filters showed the GNP nanoparti-
cles present in tissue, while red fluorescence confirmed doxorubicin in tissue. GNP
theranostic nanomedicines showed the successful and strong binding to transferrin
receptors on gastric cancer tissue. Binding also confirmed that the formulation did
not affect the transferrin binding to transferrin receptors and can be used in vivo to
check drug efficacy.

Therapeutic efficacy of GNP (in vivo)

Therapeutic efficiency, delivery, receptor binding ability and intracellular drug tracking
of theranostic drugs were checked on gastric cancer/tumour. Treated tissues were exam-
ined ex vivo by immunohistochemistry. GNP theranostic nanomedicine in concentra-
tion equivalent to 5 mg/kg doxorubicin was given orally through oral gavages to check
the therapeutic effect and intracellular drug approach.

Receptor binding and drug release

Receptor binding activity and intracellular cell tracking of tissue were observed by
ex vivo immunohistochemical studies of gastric tissue collected after 3, 6, 12, 24, 48
and 72 h of oral administration of GNP theranostic nanomedicine. Nanomedicine was

Page 11 of 27
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Fig. 8 pH-dependent doxorubicin releasing behaviour, and pharmacokinetics in vivo and in vitro. a At
pH:5, half of the drug is released from nanocomposite in the releasing medium after 85 min, while at pH:
7.5 half of the drug is released from nanocomposite in the releasing medium after 85 min (d). b Targeted
delivery at 24 h shows the maximum concentration as compared to non-targeted delivery at 24 h. At 6 h
no significant difference was observed. e In vitro doxorubicin concentration in culture medium and dead
cells after different time points (GNP theranostic nanomedicine). Results show the increase in concentration
at 12 h, then decreases a little. Maximum concentration is shown at 72 h. ¢ Olasma drug activity profile of
doxorubicin (GNP theranostic nanomedicine) after IV administration at different time points and f plasma
drug activity profile of doxorubicin (GNP theranostic nanomedicine) after PO. Data represented in mean
(n=13) with standard deviation and p value <0.001)

bound to receptors and started to move inside the cellular compartments as soon as
they came into contact with the surface. Figure 6a shows the nanomedicine binding and
localization inside the cells after 3, 6 and 12 h. Maximum drug was observed at tissue
study after 12 h of oral dose. After 12 h, the drug and nanoparticles started to dissi-
pate from cells as shown by the reduction in fluorescence at 48 and 72 h. At 72 h, only
traces were left in the tissue. Fluorescent intensities in tissues after the above-mentioned
time points were measured by using image ] software at different fluorescent filters in
sets of three, area of 67.17 cm? and their means were compared statistically, as shown
in Fig. 6b. These observations reinforced the previous finding of fluorescent studies of
GNP theranostic nanomedicines and showed that the maximum binding to the receptor
is at 6 h, after which it begins to reduce. While nanoparticles of a size smaller than this
were still present in cells as shown by blue emission filter intensity, most of the drug was
eliminated from the tissue after 48 h as shown by the reduction in red fluorescence with
nanoparticles approximately 30-50 nm (reduction in green fluorescence) in size. GNP
of all sizes and doxorubicin, however, showed the same pattern of tissue localization and
removal from the tissue.

Effect of GNP and survival rate

Anticancer efficacy of GNP theranostic nanomedicine was examined in three groups:
saline, doxorubicin and GNP theranostic. These were observed during treatment for
40 days. The experiment was scheduled to last two months but terminated at 40 days

due to the death of the last mouse in group two (receiving pure doxorubicin). The mice
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Table 1 Pharmacokinetic parameters of GNP theranostic nanomedicines after IV administration

Sr.# Pharmacokinetics Mean values
Parameters (n=3)

1 C°(pg/ml) 176

3 Cinax (Hg/ml) 37.33+252

3 () 1

4 t,, (h) 12704175

5 AUC (h.mg/L) 29691 4+11.49

6 K (hr) 0.05

7 CL (L/h) 0.001

8 V, (L/kg) 00284

9 P value <0.001

treated with saline and GNP theranostic nanomedicine were active throughout the
period of treatment when compared to the doxorubicin group. Though the theranostic
nanomedicine group showed dizziness for a few hours after dosage administration, they
became active after some time. Mice in group 2 became lethargic and weak day-by-day,
while mice in group 1 were still active. The survival rate of group 1 began to reduce after
some time and was 60% at the end of the study. Mice in group 2 showed zero % survival
at 40 days, while group 3 mice showed 80% survival rate with active lifestyle (Fig. 7a). The
effect of the treatment on weight was observed in the first 15 days and results showed
that mice in group three—treated with GNP theranostic nanomedicine—not only had
a prolonged life, but also a healthy one with a smooth weight gaining pattern (Fig. 7b).

Pharmacokinetics of GNP (in vitro)

pH-dependent drug release

The drug release experiment was performed in acidic pH: 5 and neutral pH: 7.5 (in vitro).
The purpose of the experiment was to check the kinetic release behaviour of the drug
at different pH conditions. Acidic condition prevailed in tumour vicinity and stomach,
while physiological pH of plasma and organs was almost 7.5. The pH of the nanomedi-
cines containing medium was also 7.5; therefore, drug release behaviour was checked to
see the drug stability and release at required sites.

Drug release behaviour of GNP theranostic nanomedicines at pH 5 and 7.5 is shown
in Fig. 8a, d. This behaviour confirmed the stability of theranostic nanomedicines at pH
7.5 and dominant releasing behaviour at acidic pH: 5. The graph was plotted in percent-
age drug releases at different time intervals. Drug release behaviour showed that doxo-
rubicin was released in free form, the drug release rate is greater at pH 5 and the drug
was stable at pH 7.5. These results also predicted the drug stability in vivo and release at
tumour/cancer cells due to the pH-dependent release. At pH 5, half of the doxorubicin
was released in 85 min, while at pH 7.5 it took 850 min to release half of the conjugated

doxorubicin.

Release of doxorubicin from GNP

In cell culture, the doxorubicin release was measured in two sets of reactions. In the first
one, targeted versus non-targeted concentration was measured, and in the second, dox-
orubicin concentration in dead cells and media was measured at different time points
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Table 2 Pharmacokinetics parameters of GNP theranostic nanomedicines after PO administration

Sr# *Pharmacokinetics Mean values
Parameters (n=3)

1 C°(ug/ml) 176

2 Cinax (HG/m)) 0.33840.006

3 trax(h) 48

4 AUC (h.mg/L) 1548£2.1

5 Vy (L/kg) 00284

6 p-value <0.001

C°, initial plasma drug concentration at the time of injection; C,,, maximum plasma concentration at observed points; t,,,,.,
time at which the maximum concentration was noted; t, ,, plasma half-life; AUC, area under the plasma concentration time
profile curve; K, elimination constant; CL, clearance rate; V, distribution volume
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Fig. 9 Biodistribution comparison of doxorubicin from GNP theranostic nanomedicine in liver, kidney, heart
and tumour after IV and PO dose, at different time points. a Graph confirmed the reduction of doxorubicin
in liver tissue with the passage of time. b Doxorubicin eliminated from the heart quickly. ¢ Doxorubicin
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concentration was decreased with time and showed quick elimination from the body. d Oral administration
showed most of the drug was bound to the target site, while after IV administration only a little amount was
able to reach at the targeted site but that little amount was able to show effect until 48 h

by HPLC. Concentration of doxorubicin in dead cells of reaction incubated with GNP-
Cys—Dox and in reactions with GNP—Cys—Dox-Trans was calculated at 6 and 24 h. The
values were compared by ANOVA. Significance was found in the group targeted to non-
targeted at 24 h with p value <0.005. Targeted GNP nanocomposites showed a higher
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doxorubicin concentration at 24 h than non-targeted GNP nanocomposite. The differ-
ence in concentration at 6 h was not dominant (Fig. 8b).

Doxorubicin concentration in media with dead cells was analysed with HPLC at dif-
ferent time points and compared by ANOVA. The maximum concentration of doxoru-
bicin was found at 72 h and then at 12 h. Minimum concentration was recorded at 6 h,
as shown in Fig. 8e. All reactions were done in triplicate and the data is represented as
mean with standard deviation and significance value < 0.005.

Pharmacokinetics of GNP (in vivo)

Blood activity time profile of doxorubicin release from GNP theranostic nanomedicine was
studied in two groups. One group received nanomedicine through intravenous route (IV
route) and the other through oral route. After administration of GNP theranostic nano-
medicine from intravenous route, the drug profile in plasma was characterized with HPLC
analysis. Analysis showed the data were at a significant interval (p value<0.001) as shown
in Fig. 8c. All pharmacokinetics parameters were calculated by putting the values in the for-
mula as summarized in Table 1. The clearance rate of GNP—Cys—Dox~—transferrin was 0.002
1/h and plasma half-life (t1/2) was 12.70 h. Drug concentration in plasma decreased with the
passage of time and a small amount of doxorubicin was observed at 48 and 72 h.

Plasma concentration of doxorubicin was analysed by HPLC at different time points
after oral administration (PO) too. Data are represented as mean (n=3) with standard
deviation and in significant intervals with p value <0.001. Drug concentration in plasma
was raised after the oral administration and reached its maximum concentration at 48 h.
From 48 to 72 h, the concentration line showed a dramatic fall and led to the elimination
of the drug from plasma (Fig. 8f). Pharmacokinetics parameters after the oral dose is
summarized in Table 2.

Biodistribution of GNP theranostic nanomedicine

Biodistribution of doxorubicin after IV and oral administration was also examined. Dox-
orubicin concentration in liver, heart, kidney and gastric tumour was detected after IV
as well as PO dose with a fluorescent scanner at 485 excitation and 525 emission (fluo-
rescent microplate reader). Results confirmed the reduction of doxorubicin in liver tis-
sue with the passage of time (Fig. 9a). Doxorubicin concentration in liver tissue after oral
dose was lesser than IV at all time points and showed quick elimination from liver tissue.
In case of the heart, Fig. 9c shows the doxorubicin concentration at different time points
and confirms the elimination of doxorubicin from the heart quickly. The concentration
of doxorubicin was lower in case of oral administration as opposed to IV. The kidney
showed the elimination of doxorubicin from the body at different time points. Doxoru-
bicin concentration decreased with time and showed quick elimination from the body
(Fig. 9b). After oral administration, most of the doxorubicin was traced in the kidney
and eliminated from the body, unlike intravenous administration. Biodistribution exper-
iments were done in mice from gastric cancer model too. After IV administration, only
a little amount was able to reach the targeted site; despite this, it was able to show effect
until 48 h. Oral administration showed that most of the drug was bound to the target site
and, at 48 h, a higher concentration was present in the gastric tumour portion (Fig. 9d).
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Discussion

Nanotechnology plays an important role in designing theranostic nanomedicines and
helps to obtain a combination of diagnostic and therapeutic effect in one formulation.
Different targeted approaches have been used for targeting drug delivery that not only
helps in diagnosis or drug delivery to the affected area, but also supervises therapeutic
responses (Nagaich 2015); (Eck et al. 2008). Studies have shown that a combination of
traditional chemotherapeutic drugs and nanotechnology have an edge over traditional
medicines (PD-L1 monoclonal antibody-conjugated nanoparticles enhance drug deliv-
ery level and chemotherapy efficacy in gastric cancer cells).

Recent drug delivery approaches have applied nanotechnology in the medicinal field
to design new nanomedicines for effective drug delivery to gastric cancerous cells (Li
et al. 2017). GNP have been used as nanovehicles in many experiments due to their
unique quantum confined fluorescent properties and binding abilities for theranostic
nanomedicines. Although published data are available on GNP as a nanocarrier in dif-
ferent formulations and applications in different types of cancer (Xiao et al. 2012); (Aryal
et al. 2009), there is still a big gap to fill.

In cancer treatment, the main problem that needs to be tackled is saving normal
cells that otherwise leads to the disturbance/regulation of the normal physical system.
Although some chemotherapeutic drugs such as doxorubicin have high antitumour
activity, they are unable to differentiate between normal cells and cancer cells (Thorn
et al. 2011); (Rivankar. xxxx). Doxorubicin (anticancer drug) penetrates to all cells
easily due to its low molecular weight; however, it damages healthy cells along with
normal cells. This main hurdle can be overcome with targeting drug delivery through
nanocarriers (Luo and Prestwich 2005; Zhang et al. 2016). Therefore, to use doxo-
rubicin as an anticancer drug with greater efficacy, drugs can be conjugated with a
number of nanodeliveries (Moorthi et al. 2011). The therapeutic effect of doxorubicin
can be increased by targeting cancer cells with ligands to specific surface receptors.
Doxorubicin was conjugated with different nanocarriers such as magnetic nanoparti-
cles and GNPs and examined against different types of cancers (Kayal and Ramanujan
2010); (Shafei et al. 2017); (Alexander et al. 2014).

Transferrin receptors’ expression has attracted researchers for targeting drug
delivery on rapidly growing cells (Iinuma et al. 2002). Transferrin is an important
growth-promoting protein due to its iron-binding property (Ascione et al. 2010) and
its expression is elevated in cancer cells due to increased uptake of iron in cancer
cells for high metabolic pathways (Daniels et al. 2006b). Therefore, a positive correla-
tion exists between cancer cells and transferrin receptor expression (Trowbridge and
Omary 2006; Luria-Pérez et al. 2016; Kwok 2002).

In this research project, GNP theranostic nanomedicines were synthesized and
characterized with different techniques. Published data is available on the applica-
tion of GNP in different formulation and in different fields. GNP with doxorubicin
(Cui et al. 2017) and doxorubicin with transferrin were examined in different formu-
lations against different cancers after intravenous administration (Cui et al. 2017);
(Zabielska-Koczywas et al. 2017). Herein, GNP theranostic nanomedicine formula-
tion is novel and its application against gastric cancer is going to be reported for the

first time.
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Some inorganic nanocarriers exhibited unique fluorescent properties that are confined
within their smaller sizes. To get nanoparticles of smaller size, an optimization process
is necessary to characterize the properties. GNPs were synthesized by using Turkevich
method under hydro conditions and optimized by using different concentrations of
gold salt and citric acid treatment (Turkevich et al. 1951). Different sizes of GNPs were
observed during the optimization process and characterized with UV-Vis spectropho-
tometry, excitation and emission spectra, FTIR, DLS and TEM. Particles of different
sizes exhibited different optical properties and are visible to the naked eye (Huang and
El-Sayed 2010). The brick-red colour indicated that the GNP size was 5-10 nm in our
laboratory conditions. Cysteine was used as linker on GNP nanocarriers—its carboxylic
group was utilized to conjugate the chemotherapeutic drug doxorubicin (amide bond)
and amine group was conjugated to transferrin (targeted ligand) through the hydrazine
bond. Published data available on doxorubicin conjugated to GNP were on hydrazine
bond conjugation that releases doxorubicin more rapidly in acidic pH and is stable in
a slightly alkaline pH: 7.4. Hydrazine bond ensures releasing doxorubicin in the acidic
environment of a tumour and keeps it stable at the physiological pH of blood. In this
study, theranostic nanomedicines were exposed directly in the stomach’s acidic envi-
ronment; therefore, amide bond was used to release doxorubicin slowly and make sure
it releases after binding of transferrin to its receptors for endocytosis. To prevent the
release of doxorubicin before endocytosis, an addition strategy was adopted during
development of GNP theranostic nanomedicine. Doxorubicin was conjugated to Cys—
GNP earlier than transferrin. Doxorubicin size is smaller as compared to transferrin;
therefore, transferrin forms the outer covering and gives shelter to doxorubicin.

GNP UV spectra showed maximum absorbance at 520 nm, indicating that the size of
nanoparticles is below 25 nm and that the width of peak (narrow) demonstrated the nar-
row size distribution. Single absorption characteristic peak of GNP was seen in the vis-
ible range of 510 nm-550 nm due to their surface plasmon resonance with maximum
absorbance at 520 nm. The width of the peak describes the particles size distribution
(Philip 2008). Incorporation of cysteine on GNP increased the stability of nanoparticles
and prevented particle aggregation with time. After incorporating cysteine on GNP, the
absorption peak showed a little broadening in width and a little variation in maximum
absorption. The peak of UV spectra depends on the size and uniform size distribution
of particles (Luthuli et al. 2013). Doxorubicin was immobilized onto GNP-Cys by the
carbodiimide method, and a new spectrum was obtained with a shift in the absorption
spectrum of GNP. Two peaks were observed—one due to the organic group at 290 nm
and the other due to the inorganic group at 510 nm (Khutale and Casey 2017). Broaden-
ing in the width of peak after conjugation shows the tiny increase in particle size, thereby
indicating successful conjugation. Further conjugation of GNP—Cys—Dox with transfer-
rin was done by the glutaraldehyde method and characterized by UV spectroscopy. The
new spectrum peak showed a red shift with broadening in the inorganic peak. Results
indicated a little increase in size and a change in size distribution.

FTIR analysis was further used to confirm the surface modification of nanovehicles.
The peak distribution of graph confirmed the completion of citrate reduction of gold salt
and formation of GNP. FTIR analysis also confirmed the successful conjugation at each
step; in the linker attachment, for instance, the most important functional peak of SH
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group of cysteine disappeared and the carboxylic and amine group in GNP-Cys FTIR
spectra appeared. Doxorubicin conjugation with GNP-Cys composites was confirmed
with the disappearance of amine-related peak of doxorubicin and carboxylic-linked
peaks of GNP-Cys composites. After conjugation with transferrin, the shift in old peaks
and the appearance of new transferrin-related peaks was observed.

Size studies by DLS and TEM showed a minor difference in size analysis of both tech-
niques. DLS analysis measures hydrodynamic size in liquid along with associated sol-
vents, whereas TEM describes the size in dry form and is more accurate (Hinterwirth
et al. 2013). Solvents may affect the size distribution of nanoparticles. Size analysis
confirmed that the nanoparticles size was near 10 nm for GNP and bioconjugations
caused an increase in size after each step; the final formulation size, however, was below
100 nm. Fluorescent spectra showed a decrease in the intensity of the final formula-
tion as compared to the initial nanoparticles when excited at specific wavelengths due
to the increase in size and coating of nanoparticles. Further, GNP and nanomedicine
were observed under different filters of fluorescent microscope to confirm their inherent
fluorescent properties and they had sharp fluorescence under UV, blue and green excita-
tion filters. That is in agreement with the previous reported studies of scientists (Walling
et al. 2009).

To evaluate targeted drug delivery and efficacy of GNP theranostic nanomedicines
against GI tract (gastrointestinal tract), it was tested against gastric cancer cells (in
vivo) and colon cancer cell line (in vitro). Three objectives were designed to find the
therapeutic properties of GNP theranostic nanomedicines. The objective of the first
assay was to see whether nanovehicles have any toxic effect on the cells. Generally,
nanovehicles have intrinsic properties to affect the cancer cells (Smith et al. 2008).
Another aspect of this assay was to compare the toxic effect on cells by non-targeted
nanomedicines (GNP-Cys-Dox) and targeted nanomedicines (GNP-Cys—Dox—
transferrin). In vitro, only a little difference was observed between targeted nanocom-
posite and non-targeted nanocomposites. In in vitro evaluation, it is difficult to find
difference between targeting and non-targeting drug delivery effect due to the pres-
ence of only one type of culture in one experiment. The development of co-culture
is very difficult and not an exact representation of the natural in vivo environment.
In vivo complex environment of normal cells and cancer cells targeting drug delivery
have benefit over non-targeting drug delivery. In the second assay, IC50 and IC100
were observed in vitro at two time points (6 and 24 h) on colon cancer cells with
different concentrations of theranostic nanomedicines. IC50 for GNP theranostic
nanomedicines was 10 pl (5 pg/pl) and IC100 was almost 50 pl. The third assay was
designed to see the effect of nanomedicines at different time points (6, 12, 24, 48 and
72 h). The results strengthened our hypothesis of prolonged drug release and its effect
due to drug delivery at specific site and nanoformulation. Cell fluorescent study at
72 h still showed the presence of nanoparticles and doxorubicin inside cells. Nano-
vehicles gave fluorescence in UV and blue excitation filters and doxorubicin gave fluo-
rescence in the green excitation filter.

Theranostic nanomedicines were tested in vivo. The main goal was to deliver a suf-
ficient amount of drug at the targeted site. In gastric cancer therapy, the environment
and pH are the main hurdles in the treatment and delivery of medicines. For precise
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targeting therapy, the therapeutic agent should be very strong to cross the barriers of
either pH, cross the mucin layer, and prolong stay in stomach and oral delivery system.
An intracellular tracking of nanomedicines (in vivo) confirmed the successful bind-
ing of transferrin with transferrin receptors and doxorubicin was delivered to cancer/
tumour cells. Synthesized nanomedicine successfully crossed all the above-mentioned
hurdles and approached the targeted sites. Fluorescent studies further confirmed the
presence of nanoparticles and doxorubicin in tissue for 72 h and supported the in vitro
studies. Intracellular nanomedicine tracking studies are also useful in the prognosis, or
prediction, of the therapeutic effect of the drug (Lammers et al. 2011). The effects of
theranostic nanomedicines versus pure doxorubicin (in vivo) were checked on the mice’
body weight and observation of their survival rate. Mice treated with pure doxorubicin
showed a gradual decrease in body weight and all mice were dead within 40 days. Mice
treated with theranostic nanomedicines showed almost 80% survival rate at the end of
40 days and a smooth increase was observed in the body weight of treated mice.

First, pH-triggered drug release behaviours were examined (in vitro) at pH: 5.0
(gastric acidic pH) and pH: 7.4 (physiological pH of blood). This study helped us ana-
lyse the releasing behaviour of doxorubicin and stability of nanomedicines at differ-
ent pH. Releasing behaviour of doxorubicin from nanomedicines strengthened our
hypothesis of prolonged drug release even at acidic pH due to the drug conjugation to
nanovehicles with amide bond. Both theranostic nanomedicines showed almost sta-
ble behaviour at pH: 7.4 and controlled prolonged drug release behaviour at pH: 5.
The observation reinforced the previous observations of other published studies with
amide linkage (Khutale and Casey 2017).

The smooth drug release from nanomedicines for a long period of time is the main
concern for cancer treatments. Controlled drug release prevents healthy cells from
the toxic effect of chemotherapeutic drugs due to dose toxicity (Cui et al. 2017).
Along with controlled drug release, another aspect of nanomedicines including bio-
compatibility and bioclearance should be known. According to size characterization,
the nanovehicle size of GNP was equal to 10 nm. Published studies reported that
nanoparticles of size smaller than 30 nm are cleared from the body by kidney and
phagocytotic scavengers (mononuclear phagocytic system [MPS]) of the liver and
spleen (Malam et al. 2009). Transferrin was recycled and doxorubicin was used to
kill the cells.

The pharmacokinetics parameters of theranostic nanomedicine was recorded and
it was observed that theranostic nanomedicine had higher area under the curve
value (AUC), greater plasma T, and lower body clearance rate as compare to free
doxorubicin. Drug release study was conducted in vivo after intravenous (IV) and
oral (PO) administration. Observations of in vivo studies also confirmed the pro-
longed and controlled drug releasing behaviour of both theranostic nanomedicines
(the in vivo findings reinforced the in vitro findings). After 72 h, both theranostic
nanomedicines showed continuous release of doxorubicin but in smaller concentra-
tion. After an intravenous administration, doxorubicin concentration moved from
higher to lower concentration (Lee 2011) while after oral administration, doxoru-
bicin concentration increased with time and then started to decrease.
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Biodistribution studies of theranostic nanomedicines were conducted on induced
gastric cancer mice after IV and oral dose. The high concentration of doxorubicin
was observed in liver and kidney at 6 h but, with the passage of time, the concentra-
tion decreased in organs. At 48 h, an effective clearance of theranostic nanoparticles
and doxorubicin from organs was observed. Morphology study of organs confirmed
that theranostic nanomedicines were not harmful to these organs. Traces of doxoru-
bicin were tracked in heart that was cleared with time. The most important obser-
vation was the doxorubicin concentration to gastric tumour after IV and oral dose
administration. After IV administration, only a limited number of nanomedicines
were able to approach the gastric tumour. However, this little amount remained in
the tissue for longer and slowly released the drug. Administration from oral route
delivered the maximum concentration of drug to gastric tumour that was released
slowly from the nanoformulation over a longer period of time.

Materials and methods

Synthesis of GNP

The GNPs were synthesized by Turkevich citrate reduction method (Turkevich et al.
1951). To select a suitable concentrations of gold salt and trisodium citrate, we eval-
uated a variety of different concentrations. For an optimized final reaction, 15 mM
of working solution was boiled on a hot plate (100 °C) mixed with 1% trisodium cit-
rate solution (3% of total volume). The reaction was continuously stirred until the
appearance of a brilliant red colour.

Attachment of cysteine with GNP

About 0.25% of 0.2 mM L-cysteine solution was added in the prepared GNP solu-
tion, followed by stirring (two h at 25 °C) and shielded without disturbance (12 h).
Cysteine-attached GNP (GNP-Cys) was centrifuged (14,000 rpm for 40 min) followed
by pellet washing with deionized water.

GNP-Cys and doxorubicin conjugation

GNP-Cys and doxorubicin conjugation was performed by EDC carbodiimide
(1-ethyl-3-[3-dimethylamino propyl) in which 20 mg/ml of EDC (pH: 6.4) and 50 mg
of GNP-Cys was taken in deionized water (pH of 8). The mixture was (incubated in
the dark for 30 min) continuous shaking (100 rpm) followed by the addition of 1 ml
of carbodiimide (10 mg/ml) and doxorubicin (50 mg), incubated for 2 h (dark at 37 °C
at 100 rpm). The conjugated particles were separated and the nanocomposites were
stored at 4 °C.

GNP-Cys-Dox and transferrin nanocomposites

GNP-Cys-Dox and transferrin nanocomposite conjugation was achieved by the glu-
taraldehyde technique as described in the previous study (Shahzad Lodhi and Qadir
Samra 2019). The nanocomposites were kept in storage buffer (— 20 °C).
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Gold nanocomposites characterization

Surface chemistry, conjugation, shape, size and fluorescent properties of nanocom-
posites were studied by Fourier transform infrared spectroscopy (FTIR), UV-VIS
spectrophotometry, dynamic light scattering analysis (DLS), transmission electron
microscope (TEM) and fluorescent spectrophotometry, as described in the previous
study (Shahzad Lodhi and Qadir Samra 2019). Nanocomposites were also immune
characterized for conjugation confirmation by enzyme-linked immunosorbent assay
(ELISA) and dot blot.

ELISA

In ELISA, two reactions were prepared in triplicate, one for doxorubicin conjugation
confirmation and another for transferrin conjugation. GNP theranostic nanomedicine
was coated and incubated (1 h, 37 °C) for blocking (5% skim milk) and then half of the
wells were treated with rabbit anti-doxorubicin antibodies (1:5000 dilution) and half
with rabbit anti-transferrin for 1 h. The wells were incubated (45 min at 37 °C) with
mouse antirabbit horseradish peroxidase-conjugated antibody (1:8000 dilution). Col-
our was generated, applying a tetramethyl benzidine solution with 1% H,O,.

Immunodot blot

Immunocharacterization was performed using 1 upl of theranostic nanomedicines
placed on nitrocellulose membranes, processed for both doxorubicin transferrin con-
jugations confirmation.

In vitro therapeutic effects (colon cancer cell line HCT116)

Culture maintenance

Colon cancer cell line HCT-116 was obtained from American Type Culture Collec-
tion (ATCC®), maintained at 37 °C and 5% CO, with 95% humidity level. The com-
plete culturing medium contained 10% FBS, 1x penicillin/streptomycin solution
(Thermo Scientific Cat#15140122) in RPMI-1640 (Merck Cat#8758). The culture was
expanded and stored both in 80 °C freezers and liquid nitrogen containers in com-
pleter serum with 5% DMSO.

Sample identity

The main drugs under our study were GNP-Cys and GNP doxorubicin (Dox) loaded
derivatives. GNP theranostic nanomedicine and their intermediates GNP-Cys and
GNP-Cys—Dox were analysed on colon cancer cell line (HCT-116) for anticancer
properties.

Cell surface binding potential of theranostic drugs

The surface binding of theranostic nanomedicines was evaluated on cells grown on 1%
gelatin (Sigma-Aldrich® Cat#G9391) coated glass coverslips and by treating cells with
10 pl of 5 pg/ml drug for 15 h time point in standard culturing conditions. The cells
were washed with 1x PBS and fixed with 4% paraformaldehyde for 20 min. The dried
cell slides were mounted (immunomounting medium, Cat 622701) and observed
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under fluorescent microscope. The fluorescent intensity was calculated using image
j. (https://imagej.nih.gov). A total of 20 cells were analysed for their fluorescence and
drug binding for each sample. The standard deviation was calculated at different time
points for comparison purpose. Red and green fluorescent were used to estimate the
concentration of doxorubicin in each cell nanoparticles respectively.

Estimation of drug cytotoxicity

Cell viability was checked through trypan blue stain (Sigma-Aldrich® Cat#6146-5G),
prepared in 0.4% of PBS at 7.4 pH. The treated cells were counted under microscope.
The number of total number of cells and blue stained cells were counted as follows.

%viable cells = [1.00 — (number of blue cells/total number of cells)] x 100

Cytotoxicity assay
The relative cytotoxicity was estimated to optimise two parameters.

Different concentrations of drugs

This experiment was conducted to select the best concentration for study. After 6 h
as short period of treatment and 24 h as longer treatment period, different concentra-
tions of drugs were used: 2.5 pl, 5.0 pl, 7.5 pl, 10.0 pl, 20.0 pl and 100 pl from 5 pg/ml
stock solution of all nanocomposites. After treatment, live—dead assay was done by
trypan blue staining assay as mentioned above.

Different time periods of treatment

The same experiment was repeated using a fixed drug dose of 10 ul from 5 pg/ml of
stock solution for different time points of incubation: 6 h, 12 h, 24 h, 48 h and 76 h, to
evaluate the ideal time for treatment with theranostic medicines.

Cell adhesion estimation by crystal violet staining

The cell adhesion assay was done using the crystal violet staining principle in a 96-well
tissue culture-treated plate. Almost 20,000 cells were loaded in each well and incubated
for 24 h at the standard growth conditions mentioned above. After incubation, the nano-
particle intermediated—both loaded and unloaded—with doxorubicin were treated in
a concentration of 2ul per well and incubated again for 24 h along with untreated wells.
After incubation, the medium was removed and the cells were fixed with absolute etha-
nol for 30 s. These fixed cells were loaded with 0.2% crystal violet solution and incubated
at room temperature for 2 min before being washed multiple times with 1x PBS. The
stained cells were de-stained using a de-staining solution (1% Triton X-100) and incu-
bated at 37 °C for 5 min. Once the stained cells released colour, the quantification was
done by taking absorbance at 570 nm.


https://imagej.nih.gov
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Neutral red uptake for relative cell viability

Adhered cells were flooded with neutral red solution and washed (1 x PBS) in complete
growth medium (40 pg/ml, Merk®Cat#553-242), followed by incubation (5% CO2 and
87% humidity for 2 h at 37 °C). The cells were washed (1 x PBS) and media was removed
followed by de-staining of cells. The optical density was calculated in 96 wells-plate at
570 nm in ELISA reader.

Receptor binding efficiency on gastric tissue in vitro

Before proceeding to in vivo studies, GNP theranostic nanomedicine binding efficiency
to gastric tissue was examined in vitro as described in the previous study (Shahzad
Lodhi and Qadir Samra 2019).

In vivo theranostic nanomedicines efficacy
The mice model of gastric cancer was used to observe the drug binding to gastric cancer
cells and to evaluate the efficacy. The effect of the drug on survival rate, body weight, and

activeness were recorded.

Drug binding, release and fluorescent intensity (ex vivo)

Mice were anaesthetized with 50 mg/kg of ketamine chloride and 5 mg/kg xylazine by
intramuscular injection. Serum was separated, aliquoted, and stored at -20 °C. Thera-
nostic nanomedicine (GNP) (5 mg/kg of doxorubicin) after 6, 12, 24, 48, and 76 h was
administered to mice followed by dissection. The stomach was washed (0.85% NaCl
solution) and cut open. Sections (6—8 um) were cut and placed on albumin-coated slides
to observe in different excitation filter microscope. Fluorescent intensity was observed
through Image] software. About 67 cm? area was taken into account to measure the
intensity, and the concentration of nanoparticles was estimated and doxorubicin in tis-
sues at different time intervals.

Effect of theranostic nanomedicines

The treatment was started according to the body weight of mice. The mice of the gas-
tric cancer models were divided into three groups, each containing ten and treated with
theranostic nanomedicine, doxorubicin, and saline. Subgroups A and B were treated
with saline and 5 mg/kg doxorubicin twice a week. Similarly, theranostic nanomedicines
(5 mg/kg doxorubicin) in saline was orally administered to group C. All the groups were
kept in observation for 45 days. Prior to the dose, body weight was recorded while the
activities of the mice were also calculated on daily basis. Survival rate was checked from

the animals that died during treatment.

Pharmacokinetic study
Pharmacokinetics of GNP theranostic nanomedicine was investigated in vitro and
in vivo, using high-performance liquid chromatography (HPLC) and biodistribution in

vital organs was observed with fluorescent plate reader in vivo.
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Chromatographic instruments and conditions

HPLC having pump module, DFL-120 detector and liquid chromatography (DLC-20)
was applied as detector (UV-Vis). A C-18 chromatography column was used with a
binary pump, consisting with inorganic (deionized water with 0.1% phosphoric acid) and
organic phases (acetonitrile) mobile phase. Peaks and analyses were seen with UV-Vis
detector (set at 255 nm) and Star-Chrom software, respectively.

Standards and samples preparation for HPLC

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat was used
for the in vitro study. Normal mice plasma was used for in vivo study to make standard
solutions. The In vitro (5 pg, 2.5 pg, 1 pg, 0.7 ug, 0.4 pg, 0.16 pg, 0.064 pg, 0.026 ug,
0.016 pg) and in vivo (50 pg, 25 pg, 10 ug, 5 pg, 1 pg, 0.5 pg, 0.1 pg, 0.05 ug, 0.02 pg)
standards of concentrations were prepared in 1:4 ratio acetone precipitation and vacu-
umed dried. About 100 pl of initial mobile phase was added in in vitro standards and
samples. About 60 ul of initial mobile phase was added in vivo standards and samples.
Samples were injected and peaks were observed.

Pharmacokinetics (in vitro)

Drug release

GNP theranostic nanomedicines with doxorubicin (3 mg/ml in 1 x PBS (pH: 7.4) were
taken in a dialysis bag and two pH slots in triplicate reaction. The mediums of different
pH were stirred continuously with hang dialyzed bags at 37 °C and 200 pl was taken after
each selected time point for HPLC observation.

Doxorubicin release

For assays, cells (8 x 10%) were grown in culturing plates (6 wells). Drug release was
observed in two assays in vitro. The first assay of drug release investigation was observed
in targeted nanocomposites versus non-targeted. These later were observed with doxo-
rubicin on nanocarriers only. In the second assay (in medium and dead cells), the drug
releasing pattern was analysed at 6, 12, 24, 48 and 72 h. About 10.0 ul of nanocomposite
was added and incubated (37 °C, 5% CO, and 85% humidity) for predetermined time
points. Dead cells along with media were removed and samples were prepared for HPLC
analysis.

Pharmacokinetics
Different time points (1, 3, 6, 12, 24, 48 and 72 h) were selected and the mice were
divided into two groups. For intravenous administration, nanomedicines were injected
through the tail vein (5 mg/kg) and slaughtered at selected time points. Blood was col-
lected and plasma was isolated. The samples were prepared by acetone precipitation.
Doxorubicin (5 mg/kg) was given to mice through oral gavages and dissected at
selected time points (1, 3, 6, 12, 24, 48 and 72 h). Blood was collected for plasma isola-
tion sample preparation.
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Biodistribution

Drug biodistribution was investigated in mice model of gastric cancer. After administra-
tion of nanoparticles through oral gavages (PO) and tail vein, mice were dissected to
collect liver, kidney, heart, and gastric tumour and preserved at — 20 °C. Tissues samples
were mixed with saline and 400 pl of methanol was added with 100 pl (4:1) ratio fol-
lowed by centrifugation at (14,000 rpm for 10 min). The aupernatant was mixed with 1x
PBS and centrifuged (3 min at 14,000 rpm). The supernatant was observed in fluorescent

plate reader.

Conclusion

Pharmacokinetic and biodistribution studies confirmed and strengthened our hypoth-
esis of controlled drug release over a prolonged period without causing any toxicity to
other vital organs of the body. The concept behind this hypothesis was to synthesize a
formulation that prevents the distribution of anticancer drugs to all cells and tissues.
It may cause a serious damage to healthy cells and tissue too. Nanovehicle applications
enhance the drug-carrying capacity and maximized the drug delivery to the targeted
organs. The successful targeted drug delivery was observed by targeting the transferrin
receptors with transferrin for accumulation of the drug at the target site of cancer cells
with very high copy number of transferrin receptors to capture the transferrin-linked
GNPs. This approach of drug delivery spares the damage to normal cells which come in
contact with drug loaded GNPs before the cancer cells and hence reduces the side effects

traditionally associated with conventional anticancer chemotherapeutics in clinical use.
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