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rolled-size silver nanoparticles for
the administration of methotrexate drug and its
activity in colon and lung cancer cells†

M. Rozalen, *a M. Sánchez-Polo,a M. Fernández-Perales,a T. J. Widmannb

and J. Rivera-Utrillaa

A controlled synthesis of methotrexate (MTX) silver nanoparticles (AgNPs-MTX) using borohydride and

citrate as reduction and reduction/capping agents, respectively, was performed in order to obtain

AgNPs-MTX conjugates with a narrow size distribution. Their characterization showed polydispersed

spherical shape nanoparticles with a mean size around 13 nm and distribution range between 7–21 nm.

The presence of MTX was confirmed by FTIR and EDX analysis. Spectroscopic determinations suggest

the chemisorption of MTX through a carboxylic group (–COOH) onto AgNPs via the exchange with

a citrate molecule. Drug loading capacities calculated for AgNPs synthesized using different amounts of

MTX were 28, 31 and 40%. In vitro drug release tests depicted similar release profiles for all conjugated

amounts releasing between 77 to 85% of the initial MTX loaded into the AgNPs. With respect to free

MTX, the addition of the nanocarrier delayed its release and also changed its pharmacokinetics. Free

MTX is released after 3 hours following a first order kinetic model, whereas in the presence of AgNPs,

a fast initial release is observed during the first 5 hours, followed by a plateau after 24 hours. In this case,

AgNPs-MTX fitted a Higuchi model, where its solubilization is controlled by a diffusion process. Results

obtained from flow cytometry of different cell lines treated with AgNPs-MTX demonstrated the

combined anticancer effect of both reagents, decreasing the percentage of living cells in a colon cancer

cell line (HTC-116) down to 40% after 48 hours of exposure. This effect was weaker but still significant

for a lung cancer cell line (A-549). Finally, a zebrafish assay with AgNPs-MTX did not show any significant

cytotoxic effect, confirming thereby the reduction of systemic drug toxicity achieved by coupling MTX to

AgNPs. This observed toxicity reduction in the zebrafish model implies also a probable improvement of

the usage of AgNPs-MTX in chemotherapy against human cancers.
1. Introduction

The emergence of nanotechnology has had a deep impact on
clinical therapeutics in the last two decades. Compared with
conventional chemotherapeutic agents, nanoscale drug carriers
have been demonstrated to possess the capacity to improve treat-
ment efficacy while avoiding toxicity in healthy cells due to features
such as high accumulation in tumors via the enhanced perme-
ability and retention (EPR) effect and active cellular uptake.1–3

Among numerous drug delivery systems, silver nanoparticles
(AgNPs) have been used as a novel platform for various therapeutic
purposes. AgNPs exhibit small size and large surface area as well as
of Science, University of Granada, 18071
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antimicrobial activity, which is benecial for maintaining formu-
lation sterility for extended periods of time.3 In addition, they also
present anticancer effects in different human cancer cell lines,
including lung broblast (IMR-90) and glioblastoma cells (U295),4

endothelial5 and MDA-MB-231 breast cancer cells.6

Methotrexate (MTX), a chemotherapeutic folic acid analog, is
an anionic anticancer drug well known for its effectiveness in
the treatment of certain cancers such as breast, head and neck
cancer, leukemia, lymphoma, lung cancer and osteosarcoma.7,8

However, the very short plasma half-life and high efflux rate of
MTX compared to the inux rate requires a high administration
dose, as well as overcoming drug resistance,9 causing many
restrictions on its clinical application.

MTX therapy optimization had been proposed using poly-
ethylene glycol-coated silver nanoparticles10 and AgNPs
embedded in graphene oxide (GO)11 as promising delivery
systems that can improve anticancer efficacy and decrease MTX
side effects. Cytotoxicity was also tested against breast cancer
MCF-7 and hepatoblastoma HepG2 cells11 pointing out that the
conjugation GO-MTX avoids ROS (Reactive Oxygen Species)
This journal is © The Royal Society of Chemistry 2020
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View Article Online
generated by AgNPs alone, causing cellular apoptosis as evi-
denced by an apoptosis assay (Annexin V/Flow cytometer).
(Muhammad et al., 2016)10 included PEG (Poly Ethylene Glycol)
in the formulation, because it is capable of reducing the opso-
nization process in which nanoparticles are directed to the liver
by the help of macrophages. They tested the cytotoxicity in the
MCF-7 breast cancer cell line revealing its anticancer activity.

Despite the fact that numerous studies have been investi-
gating the effect of the colloidal surface properties under
various environmental conditions on the stability or the
aggregation potential of various nanoparticles, there is little
information available with regard to AgNPs. Toxicological
studies by ref. 12 in aquatic plant duckweed (Spirodela poly-
rhiza) found out that particle size and surface charge of AgNPs
have a signicant impact on the response against microorgan-
isms. Moreover, the development of physiologically realistic
synthetic microvascular networks (SMNs) have been employed
to investigate the effect of size or surface chemistry alone
allowing rapid screening of cancer drug delivery systems.13,14

Recently the results obtained by Khor et al.15 demonstrate that
carboxylic acid groups decorated nanoparticles bind relatively
weakly to HUVEcs (human umbilical vein endothelial cells) and
as such, larger-sized particles (70–130 nm) are strongly affected
by the drag force leading to removal from cell surface.

For this reason, in this study we have decided to use the co-
reduction method employing two different reductants (NaBH4

and trisodium citrate (TSC)), which offers a better control of
nucleation and growth of nanoparticles.16,17 The dual thermal
treatment (between 60–90 �C) enhances fast nucleation fol-
lowed by a controlled growth at approximately the same rate,
resulting in relatively monodispersed nanoparticles.18 Also
a variation of the pH of the reaction medium helps tuning the
morphology of particles from quasi-spherical to nearly spher-
ical shape.19 Moreover, previous studies have demonstrated
their antimicrobial nature to be size20 and shape dependent,21

with smaller nanoparticles displaying a better antimicrobial
activity.18 Even though triangular nanoparticles appeared to be
more effective for microbial killing, spherical ones are consid-
ered to be the best-suited for practical applications.22–24

With this background, the main objective of the present study
was to synthesize and characterize discrete and controlled size
methotrexate silver nanoparticles (AgNPs-MTX), using as reduc-
tion agent the combination of borohydride and citrate, in order to
be used as nanocarriers of MTX. Aer material characterization,
their anticancer activity was tested studying in vitro cytotoxicity
Table 1 Experimental conditions used to synthesize AgNPs-MTX nanop

AgNO3 (mmol) MTX (mmol) NaBH4 (mmol) TCS (m

0.01 — 0.225 0.09
0.01 0.0020 0.225 0.09
0.01 0.0030 0.225 0.09
0.01 0.0040 0.225 0.09

This journal is © The Royal Society of Chemistry 2020
on lung and colon cancer cell lines. In order to test their
biocompatibility, a zebrash assay was used as in vivo model.
Moreover, we have added new datasets on controlledMTX release
and tted them with a kinetic model with the aim to understand
how to maintain MTX concentration in blood or in target tissues.
2. Materials and methods
2.1. Materials

The reagents: silver nitrate (AgNO3), trisodium citrate dehydrate
(TSC), sodium borohydride (NaBH4), and methotrexate (MTX)
were of analytical grade and used without further purication.
2.2. Synthesis of silver nanoparticles (AgNPs) and
methotrexate silver nanoparticles (AgNPs-MTX)

Silver nanoparticles have been synthesized following a chemical
reduction method, using sodium borohydride as primary
reductant and trisodium citrate as secondary reductant as well
as stabilizing agent. In order to obtain monodispersed spherical
nanoparticles with a narrow size distribution, we have followed
the procedure described in ref. 18. The temperature during the
reduction process was set up at 60 and 90 �C and nal pH was
xed around 10.5. Subsequently, the related/corresponding
conjugates using methotrexate were obtained.

2.2.1. Silver nanoparticles (AgNPs). 45 mL of freshly
prepared aqueous solutions containing 5 mM and 2 mM of
NaBH4 and TSC, respectively were mixed and heated to 60 �C in
the dark under vigorous stirring to ensure a homogeneous
solution. Then, 5 mL of 2 mM AgNO3 solution was added
dropwise. Subsequently, temperature was further raised to
90 �C and the solution pH was adjusted to 10.5 adding 2 mL of
0.1 M NaOH. The intense yellow solution obtained was kept
under vigorous stirring during 30 min. Finally, the resulting
colloid was cooled at room temperature, centrifuged at
12 000 rpm during 15 min and kept at �80 �C for 48 hours for
further freeze-drying.

2.2.2. Synthesis of methotrexate silver nanoparticles
(AgNPs-MTX). Initially, we prepared a 10 mM MTX solution in
1 mM K2CO3 and added different amounts to the fresh made
AgNPs solutions in order to determine an optimal ratio. Solu-
tions were added drop by drop and kept under stirring for
another 30 min. Finally, the resulting suspension was cooled at
room temperature, centrifuged at 12 000 rpm during 15 min
and kept at �80 �C for 48 hours for further freeze-drying.
articles

mol)

Ratio

AgNO3 MTX TCS NaBH4 pH

1 — 9 22.5 10.5
1 0.2 9 22.5 11.38
1 0.3 9 22.5 11.36
1 0.4 9 22.5 11.36

RSC Adv., 2020, 10, 10646–10660 | 10647
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In order to determine an optimal ratio for AgNPs and MTX,
different concentrations of AgNO3, MTX, TSC, and NaBH4 were
tested and are showed in Table 1.
2.3. Characterization of AgNPs and AgNPs-MTX

UV-visible spectroscopy was performed with a VWR UV-1600PC
UV/Vis spectrophotometer. Samples were analyzed in the
400–900 nm spectral range. The XRD pattern of the samples
were recorded by a Bruker D8 Discover Diffractometer (Ka Cu)
with a PILATUS3R 100K-A detector and equipped with a Cu Ka
(l ¼ 1.5406 Å) radiation lter. The chemical structure and
functional groups of the AgNPs-MTX were analyzed by Fourier
Transform Infrared Spectroscopy (FT-IR, JASCO FT/IR 6300
spectrometer) and recorded in absorbance mode in the
4000–400 cm�1 range with a spectral resolution of 4 cm�1 from
the average of 100 spectra. Samples were prepared in KBr
pressed pellets. Light scattering analysis was conducted using
a ZETASIZER (Nano ZS; ZEN3600, Malvern) at 25 �C, with
a He–Ne laser operating at a wavelength of 633 nm. The
intensity size distributions were obtained from analysis of the
correlation functions using the Multiple Narrow Modes algo-
rithm in the instrument soware. The samples (AgNPs, AgNPs
200, 300 and 400) were diluted 1 : 20 in distilled water to
eliminate the primary charge effect and ultrasound during
10 min to avoid agglomeration. A sample volume of 2 mL was
used in 10 mm-diameter disposable cuvettes. At least 3 repeat
measurements on each sample were taken to check for result
repeatability. The assembly and morphology of AgNPs and
AgNPs-MTX were studied by high-resolution transmission
electron microscopy (HRTEM) images, obtained using a FEI
Titan, operated at 300 kV. SAED patterns were collected using
a 10 mm aperture allowing collection of diffraction data from
a circular area. Compositional maps of selected areas were
acquired in scanning transmission electron microscopy (STEM)
mode using a Super X EDX detector (FEI), formed by four
windowless SSD detectors. STEM images were collected with
a high angle annular dark eld (HAADF) detector.
2.4. Stability test

1 mL of silver colloid solution was mixed with 2 mL of PBS
buffer (pH 7.4), DMEM, Milli-Q water containing 10% FBS,
DMEM containing 10% FBS, PBS containing 10% FBS. Aer the
incubation at 37 �C for 1, 6, 12 and 24 hours the changes of the
maximum absorption wavelength were determined by UV-vis
spectroscopy.
2.5. In vitro drug release and drug encapsulation efficiency

The release proles of AgNPs-MTX were studied by dialysis with
PBS (10 mmol L�1, pH ¼ 7.4) as release media. 10 mg of
nanoparticles were placed into a dialysis membrane bag
(MWCO ¼ 8000–14 000) with 2 mL of PBS and closed with clips.
The bags were immersed in 78 mL of PBS. The system was
shaken at a speed of 150 rpm at 37 �C. At desired time intervals,
3 mL of sample was withdrawn, MTX concentration measured
by UV-Vis spectroscopy at lmax ¼ 304 nm, and poured back into
10648 | RSC Adv., 2020, 10, 10646–10660
the solution. As a control experiment, the release of free MTX
from the dialysis bag was also measured.

Once the experiments were nished, we opened the dialysis
bags and added 5 mg of proteinase K enzyme, a protease that
cleaves MTX amine bonds, and incubated during 20 min at
37 �C. The nanoparticles were then separated from the free MTX
by centrifugation (15 000 rpm) and the absorbance of the
supernatant was measured at 304 nm. A similar drug release
quantication strategy was reported in ref. 25.

2.6. Cell viability assays

In vitro cell viabilities of colorectal cancer (HTC-116) (ECACC no.
91091005 (lot no. 05K025) and human lung carcinoma (A-549)
(ATCC no. CCL-185 (lot no. 3624224) cell lines, from the CIC
cell bank of the University of Granada, were determined
through ow cytometry using a simultaneous double-staining
procedure with uorescein diacetate (FDA) and propidium
iodide (PI) in the presence of free MTX, AgNPs and AgNPs-MTX.

40 000 cells were separately incubated and distributed in 12-
well plates for further 24 h incubation at 37 �C in a humid
atmosphere enriched with 5% CO2. The medium was removed,
and fresh medium was added together with free MTX (at
concentrations of 45.4, 454, 909, 2272 and 4544 mg mL�1),
AgNPs and AgNPs-MTX (38, 76, 152, 253, 380 and 760 mg mL�1).
Aer 12, 24, and 48 hours of treatment 100 mL per well of pro-
pidium iodide solution (100 mg mL�1) was added and incubated
for 10 min at 28 �C in darkness. Aerwards, 100 mL per well of
uorescein diacetate (100 ng mL�1) was added and incubated
under the same aforementioned conditions. Finally, the cells
were recovered by centrifugation at 1500 rpm for 10 min and the
precipitate was washed with PBS. Flow cytometric analyses were
performed with a FACS Vantage™ ow cytometer (Becton
Dickinson). The percentage of viability was calculated in
comparison to the control culture. The IC50 was calculated
using linear-regression analysis from the Kc values at the
employed concentrations using the soware GraphPad Prism 6.

2.7. Confocal microscopy

The cellular imaging of AgNPs and AgNPs-MTX was recorded by
using an inverted laser scanning confocal microscope (Leica
DMI6000) equipped with an Argon optical system. Samples were
imaged in reectance mode at lexc ¼ 561 nm. Cells morphology
were analyzed by recording differential interference contrast
(DIC) snapshot in a transmission mode.

2.8. In vivo study/zebrash assay

Zebrash assays were done in collaboration with researchers
from GENYO (Pzer-University of Granada-Junta de Andalućıa
Centre for Genomics and Oncological Research). Zebrash
embryos were collected from the zebrash aquarium of CIC-
UGR (Scientic Instrumentation Center of the University of
Granada) and staged according to standard procedures. For
toxicity studies, 10 healthy embryos at shield stage (gastrula-
tion, 6–7 hours post fertilization, hpf) were transferred to each
well of a 24-well plate along with 1 mL of zebrash E3 medium.
Different concentrations of free MTX (10, 15, 30, 50 and 100 mg
This journal is © The Royal Society of Chemistry 2020
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mL�1), AgNPs and AgNPs-MTX 400 (100, 50 and 25 mg mL�1)
were added to the wells and embryos were incubated for
72 hours at 28.5 �C. All tests were repeated three times
(60 embryos per concentration). Using a stereomicroscope,
morphological changes, heart rate measurements, and
mortality of the embryos were annotated aer 24, 48 and 72 hpf
(hours post fertilization). Mortality rate was expressed as the
total number of dead embryos aer 72 hpf. Heart rate was
recorded using a stopwatch by direct observation under the
microscope. Moreover, morphological changes such as peri-
cardial edema or morphological defects, such as bent and
twisted notochord, reduced number of somites, abnormal yolk
extension or delayed growth were recorded at every stage.
2.9. Statistical analysis

Statistical analysis was performed by using the Graph Pad Prim
v.6 soware. The one-way analysis of variance (ANOVA) statis-
tical method was used to evaluate the signicance of the
experimental data. A value of p < 0.05 was considered statisti-
cally signicant.
3. Results and discussion
3.1. Characterization of AgNPs and AgNPs-MTX

Optical properties of AgNPs and AgNPs-MTX conjugates were
measured by UV-Vis adsorption and are showed in Fig. 1. The
position of the plasmon resonance peak at 394 nm conrms the
formation of spherical AgNPs.26 A bathochromic shi of the
plasmon band is observed when MTX is added (404, 403 and
405 nm) due to the environmental changes around the silver
nanoparticles when MTX replace citrate molecules.27 Further-
more, two bands were observed at 258 and 305 nm that corre-
spond to the MTX absorption bands, which are conjugated to
the AgNPs (Fig. 1a and b). Color changes are also observed:
AgNPs presented a bright yellow color that turns darker as
added MTX concentration increases (Fig. 1b).
Fig. 1 (a) Comparative UV-Vis absorption spectra of free MTX, AgNO3

AgNPs-MTX with different concentrations of MTX.

This journal is © The Royal Society of Chemistry 2020
AgNPs and AgNPs-MTX (200, 300, and 400) samples revealed
the same typical XRD pattern characterized by 4 diffraction
peaks located at 38.48, 44.25, 64.72 and 77.40� (Fig. 2) corre-
sponding to the (111), (200), (220), and (311) crystal planes of Ag
(Ag XRD ref no. 01-087-0719), respectively. The XRD pattern
suggested the formation of crystalline Ag with a face-centered
cubic (fcc) structure.28

FTIR spectra of free MTX and AgNPs-MTX 200, 300, and 400
are illustrated in Fig. 3. The peak at 3394 cm�1 indicates the
presence of a –NH group. Absorptions at 3059 and 2951 cm�1

point out to the existence of carboxylic acid for free MTX
(Fig. 3a). Peaks in the region of 1500–1700 cm�1 can be attrib-
uted to C–N or NH2 vibrations, while peaks at 1490 and
1209 cm�1 represent the stretching vibration of the C–C or C–H
bonds.29 In contrast with free MTX, the FTIR spectrum of
AgNPs-MTX conjugates exhibits few characteristics peaks as
a consequence of the interaction between AgNPs and MTX. The
presence of peaks at 1507 and 1398 cm�1, assigned to the
stretching mode of the amide II C–N of MTX and the in-plane
bending of O–H in carboxyl groups, indicated the successful
loading of MTX into the silver nanoparticles.29

Dynamic light scattering (DLS) measurements were used to
determine the particle size of the synthesized AgNPs in aqueous
solution. As it is shown in Table 2, AgNPs showed an average
size of 11.2 nm, and it increased as MTX was present. As the
amount of MTX increases from AgNPs-MTX 200 to AgNPs-MTX
400 Z-potential became more negative, from �23.8 to �31.7 �
2.0 mV (Table 2). Moreover, the values of polydispersity index
(PDI) decreased, pointing out the efficiency of MTX as a capping
material, stabilizing the nanoparticles by providing intensive
negative charges that keep all the particles away from each
other.

The morphology of synthesized AgNPs and AgNPs-MTX was
inspected by HRTEM analysis. Images conrmed the formation
of spherical and highly dispersed nanoparticles, as showed in
Fig. 4. The average size and distribution were calculated based
on the diameter measurement of 200 nanoparticles, obtaining
an average size close to the values obtained with DLS (Table 2).
and AgNPs (b) comparative UV-Vis absorption spectra of AgNPs and

RSC Adv., 2020, 10, 10646–10660 | 10649
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Fig. 2 XRD diffractograms of AgNPs and AgNPs-MTX400.

Fig. 3 FTIR spectra of (a) free MTX, (b) AgNPs-MTX 200, (c) AgNPs-
MTX 300, and (d) AgNPs-MTX 400.

Table 2 Zeta potential and effective diameter of synthesized silver nano

Sample DLS diameter (nm) PDI

AgNPs 14.7 � 2.7 0.155
AgNPs-MTX 200 17.3 � 7.9 0.360
AgNPs-MTX 300 18.0 � 4.7 0.228
AgNPs-MTX 400 21.9 � 8.7 0.155

10650 | RSC Adv., 2020, 10, 10646–10660
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For instance, Fig. 4a and b showed the histograms obtained for
AgNPs and AgNPs-MTX 400. The average size calculated for
AgNPs was 11.13 � 2.27 nm with a distribution range between 6
and 19 nm, and as the amount of MTX increases the average
size also increases from 12.5 to 15.2 nm: even tough differences
in size are not signicant, polydispersity index and Z-potential
measurements conrmed the improvement of AgNPs-MTX 400.

EDX analysis (Fig. 5d) showed the presence of silver and
nitrogen, as an indicator of the presence of MTX. The chemical
element mapping analysis (Fig. 5c) showed the distribution of
elements for a representative group of AgNPs-MTX nano-
particles, pointing out a homogeneous distribution of Ag and N
in the sample with predominance of a silver crystalline phase,
conrmed by SAED image (Fig. 5b). Nitrogen was not distrib-
uted in layers but along the sample (Fig. 5c), which suggested
the formation of AgNPs-MTX conjugates. Moreover, the lattice
fringe images (Fig. 6) showed that some AgNPs and conjugates
with MTX are made up of ve domains, which also conrms the
particles with methotrexate

HRTEM diameter (nm)
Z-Potential
(mV)

labs
(nm)

11.13 � 2.3 �20.8 394
12.5 � 2.8 �23.1 404
14.6 � 6.8 �30.0 403
15.2 � 3.9 �31.7 405

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Particle size distribution histogram obtained by HRTEM images
measurements for: (a) AgNPs and (b) AgNPs-MTX 400.
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polycrystalline nature of the particles. The average inter-planar
distance determined from the HRTEM image is 0.231 nm cor-
responding to the (111) lattice.

In order to provide evidence for the chemisorption of MTX
on the surface of AgNPs, we obtained the XP spectra of MTX in
a pure solid form as well as of MTX adsorbed on AgNPs. The
surface scan spectra showed the presence of Ag, C, O, and N
atoms according to their binding energies. For solid MTX, in the
C 1s region, four peaks are identied at: (i) 284.3 eV associated
with sp2 hybridization of C]C, (ii) 285.4 eV corresponding with
sp3 hybridization of C–C and C–N, (iii) 286.6 eV associated with
C–O in hydroxyl groups, and (iv) 288.4 eV corresponding with
–COOH in carboxylic groups. The most prominent signal in the
This journal is © The Royal Society of Chemistry 2020
XPS spectrum is the Ag 3d consisting of two spin–orbit
components at 368.8 (Ag 3d5/2) and 374.8 (Ag 3d3/2) eV and
separated by 6.0 eV (Fig. 7). Moreover, the deconvolution of Ag
(3d) doublet revealed an asymmetric peak shape. These two
characteristics indicate that Ag exists in the metallic form.
Energy loss features at 371.9 and 378.0 eV are observed at the
higher binding energy side of each spin–orbit component for Ag
3d metal. These results are in good agreement with the XRD
characterization. XPS high-resolution scan for the C 1s core
level (Fig. 7) showed the presence of four different peaks: the
main peak centered at 285.56 eV was attributed to C–C (sp3),
while the peaks at 286.3, 288.0, and 288.8 eV were attributed to
C–O, C]O, and C–O–Ag, respectively. The doublet for O 1s at
531.7 and 533.3 eV was assigned to oxygen atoms in the ring
carbonyl (pC]O) and the carboxyl moieties, respectively. These
results are in good agreement with the study of Chen et al.27 for
gold nanoparticles suggesting that MTX can be directly bound
onto AgNPs through a carboxylic group (–COOH) via the
exchange with a citrate molecule. Covalent bonding of thera-
peutic agents on nanocarriers is usually favored because the
bond strength makes the NPs drug conjugates highly stable and
therefore is most likely to be disrupted only under harsh envi-
ronments inside lysosomes.30 MTX-conjugated NPs are believed
to be taken up to a higher amount into cells by the human folate
receptor than free MTX.27
3.2. Drug loading capacity and in vitro drug release

Drug loading capacities calculated for synthesized silver nano-
particles are 28.3, 31.48, and 40.4% w/w for AgNPs-MTX 200,
AgNPs-MTX 300 and AgNPs-MTX 400, respectively. Typical in
vitro release proles were investigated and illustrated in Fig. 8
for free MTX (control experiment) and AgNPs-MTX. The control
experiment showed a complete MTX diffusion across the dial-
ysis membrane within 180 min (Fig. 8a). Nonetheless, as it was
expected, when MTX is conjugated with AgNPs the system
exhibited a slower release compared with the control (Fig. 8b).

Fig. 8b depicts similar release proles for the synthesized
AgNPs-MTX conjugates, releasing between 77 to 85% of the
initially MTX loaded on the silver nanoparticles, aer 24 hours.
A rapid and short release of MTX is observed during the rst 5
hours, followed by a stable plateau prole. Such sustained two-
step release behavior could maintain the drug level within
a therapeutic window.31 Regarding the initial MTX concentra-
tion added, there are no signicant differences between drug
release proles.
3.3. Kinetic modeling

The mechanism of MTX release was studied applying different
kinetic models, in order to t the experimental cumulative drug
release data (Table 3). The release of free MTX tted a rst-order
model represented by the following equation:

log C ¼ log Co � k

2:303
t (1)

where Co is the initial concentration of drug, k is the rst order
rate constant and t is the experiment time. The data obtained
RSC Adv., 2020, 10, 10646–10660 | 10651
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Fig. 5 (a) HAADF image of a representative group of AgNPs-MTX. (b) SAED image showing the presence of a silver nanocrystalline phase (c) maps
for relative distribution of the elements (pink¼ Ag and green¼ N) jointly shown (d) EDX analysis confirming the relative proportions of Ag and N.
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were plotted as log cumulative (%) of drug remaining versus
time, obtaining a value of k ¼ 0.0026 min�1 with a regression
coefficient of r2 ¼ 0.988.

The presence of AgNPs as nanocarriers modied MTX
pharmacokinetics, as expected, tting better to a Higuchi model
(eqn (2)), expressed by the following simplied equation:

Q ¼ KHt
1/2 (2)
Fig. 6 HRTEM lattice fringe image of AgNPs-MTX 400 showing
multiple domains.

10652 | RSC Adv., 2020, 10, 10646–10660
where Q is the amount of drug released as a function of time per
unit of area, KH is the Higuchi rate constant and t1/2 is the
square root time. This model is applied to study the release of
water soluble and low soluble drugs incorporated in semi-solid
and/or solid matrices.

The values of the Higuchi rate constant obtained were KH ¼
35.62 h�0.5 (r2 ¼ 0.932), 31.32 h�0.5 (r2 ¼ 0.982) and 37.15 h�0.5

(r2 ¼ 0.966) for AgNPs-MTX 200, 300, and 400, respectively. This
model describes drug release as a diffusion process based on
Fick's law, which depends on the square root of time (Table 3).
According to the results obtained, we selected the sample
AgNPs-MTX 400 to carry out the in vitro anticancer activity tests.
3.4. Stability test

We investigated the short term stability (around 24 hours) in
different media and long term storage stability (one month) of
prepared silver nanoparticles conjugated with different
amounts of methotrexate, in the darkness and refrigerated at
4 �C. According with the position of the maximum absorption
wavelength of solutions showed in Fig. S1 (ESI†) none of the
samples showed signicant difference aer one month.

Particles not stable when diluted by only phosphate buffered
solution (PBS), while in the presence of fetal bovine serum (FBS)
they were stable at least for 24 hours without the addition of
DMEM. This means AgNPs and AgNPs-MTX synthetized are
sensitive to high salts contents, but FBS can stabilize nano-
particles and keep their dispersity. Moreover, aer one month
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 XPS spectra of AgNPs (g) widescan; (a) Ag 3d; (b) C 1s, and (c) O 1s regions. XPS spectra of the AgNPs-MTX 400 (h) widescan; (d) Ag 3d; (e)
C 1s; (f) O 1s, and (i) N 1s regions.
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of storage at 4 �C, AgNPs-MTX 400 maintain better long-term
stability than AgNPs-MTX 300 and 200. The maximum absorp-
tion wavelength remain unaltered, while black precipitation
appeared in AgNPs aer 3 weeks of preservation.
3.5. In vitro anticancer activity

The cytotoxic activity of free MTX, AgNPs, and AgNPs-MTX was
tested against colorectal cancer (HTC-116) and human lung
carcinoma (A-549) cell lines. Dose response curves for free MTX
(Fig. 9) showed IC50 values of 2.3, 0.37, and 0.15mM aer 12, 24,
and 48 hours for HTC-116 cell line (Fig. 9a). Results obtained for
lung cancer (A-549) (Fig. 9b) did not show any effect at the
concentrations studied aer 12 or 24 hours, however aer 48
hours the IC50 calculated is 0.10 mM, reecting a lower sensi-
tivity and slower response time for this cell line.

AgNPs showed dose-dependent anti-proliferative effects
against HTC-116 cells, in accordance with other studies,6 which
This journal is © The Royal Society of Chemistry 2020
is also time-dependent (Fig. 10c). Calculated IC50 decreases
from 186 to 63 mg mL�1 aer 12 and 48 hours of exposure,
respectively. Moreover, a synergistic effect comparing the
results for AgNPs and AgNPs-MTX conjugates is clearly observed
in Fig. 10a and b, where percentage of living cells drastically
dropped. These results are conrmed with calculated IC50

decreasing from 88 to 23 mg mL�1 (Table 4) aer 12 and 48
hours of exposure. Compared with the free MTX, the AgNPs-
MTX present a clear advantage, showing a faster effect with
half dose; IC50 dropped from 45 to 23 mg mL�1 aer 48 h of
exposure.

Interestingly, results obtained for A-549 cell line showed
a lighter dose–response effect. The synergistic effect is not
observed and even for the highest dose tested, AgNPs did not
show a signicant effect decreasing the percentage live cells
from 93 to 84% aer 12 and 48 hours of exposure, respectively
(Fig. 11a). Nevertheless, AgNPs-MTX showed a signicant
RSC Adv., 2020, 10, 10646–10660 | 10653
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Fig. 8 (a) Release profile of free MTX. (b) Release profiles for MTX from
silver nanoparticles prepared using different initial MTX/Ag ratios and
named as AgNPs-MTX 200, 300, and 400.
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cytotoxic activity decreasing the percentage of live cells from 69
to 36% aer 12 and 48 hours of exposure.

Finally, similar concentrations of AgNPs-MTX, when
compared with AgNPs, aer 48 hours of exposure showed that
Table 3 Calculated parameters and correlation coefficients (r2) of diffe
conjugates synthesized in this study

Model First order Higuchi

Parameters r2 KH (h�1) r2

Free MTX 0.988 0.909 0.976
AgNPs-MTX 200 0.908 0.315 0.932
AgNPs-MTX 300 0.964 0.260 0.982
AgNPs-MTX 400 0.945 0.295 0.966

Fig. 9 (a) Free MTX dose response curve calculated for HTC-116 cell lin

10654 | RSC Adv., 2020, 10, 10646–10660
the antiproliferative effect is strengthened with increase in the
concentration, as stated in Fig. 11c.

Considering that the percentage of MTX on AgNPs varies
between 20 and 40% and their IC50 decreases more than an
order of magnitude compared with free MTX, it is clear that
effective doses of AgNPs-MTX are lower than those corre-
sponding to free MTX doses for lung and colon cancer cell lines,
although the effect is more pronounced for the colon cancer cell
line (HTC-116).
3.6. Cellular imaging of HTC-116 and A-549 lines with AgNPs
and MTX

The cellular uptake of AgNPsMTX conjugates was conrmed
using confocal microscopy. Images were taken aer incubating
cells with AgNPs and AgNPsMTX at selected concentrations,
based on the ow cytometry results. Representative results are
shown in Fig. 12 and 13 for HTC-116 and A-549 cell lines
respectively.

As expected, control cells showed high conuency aer 48 h
incubation for colon cancer line (HTC116) (Fig. 12a). Cells
treated with AgNPs showed a signicant amount of red uo-
rescence, increasing when treated with AgNPs-MTX conjugates.
rent models of release kinetics of AgNPs and the corresponding MTX

Korsmeyer–Peppas

KH (h�0.5) r2 KH (h�n) Value “n”

69.18 0.980 0.145 0.954
35.62 0.950 0.159 0.751
31.32 0.960 0.167 0.719
37.15 0.907 0.267 0.707

e. (b) Free MTX dose response curve calculated for A-549 cell line.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Flow cytometry analysis of cell viability in HTC-116 cell line after treatment with (a) AgNPs, and (b) AgNPs-MTX. (c) Comparative bar graph
illustrating the mean percentages of live cells for control, AgNPs, and AgNPs-MTX after 12, 24, and 48 hours of exposure.

Table 4 Calculated IC50 for HTC-116 cell line

Nanoparticles

IC50 (mg mL�1)

12 h 24 h 48 h

AgNPs 186 98 63
AgNPs-MTX 400 88 38 23

This journal is © The Royal Society of Chemistry 2020
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These results support the conjugated effect of MTX and AgNPs
observed by ow cytometry.

However, for lung cancer cell line (A-549) images showed
similar effects for AgNPs and AgNPs-MTX conjugates (Fig. 13).
This could be related to the presence of folate receptors in line
HTC-116 on the contrary than line A-549, supporting the
specic uptake of folate-conjugated AgNPs-MTX by folate
receptor positive tumor cells.
RSC Adv., 2020, 10, 10646–10660 | 10655
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Fig. 11 Flow cytometry analysis of cell viability in A-549 cell line after treatment with different concentrations of (a) AgNPs and (b) AgNPs-MTX.
(c) Comparative bar graph illustrating the dose effect for AgNPs and AgNPs-MTX after 48 hours of exposure.
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3.7. Zebrash assay

Reported results relating to the toxicity assessment of MTX in
zebrash demonstrated that high doses (0.2–1.5 mM ¼ 91–681
mg mL�1) cause disruption of the folate pathway, leading to
developmental defects in early zebrash stages.32,33 Our results
showed a dose dependent toxicity of MTX in embryos aer
constant exposure (from 6 hpf onwards) to lower MTX concen-
trations ranging from 10 to 30 mg mL�1, increasing embryonic
mortality rate from 13 to 20% at 24 hpf. Moreover, phenotypic
changes as yolk defects and less somites were observed ((Fig.
10656 | RSC Adv., 2020, 10, 10646–10660
14I–L), compared with wild type embryos in (Fig. 14A–D)) . Up to
30% of the embryos presented pericardial edema. Aer 48 hpf,
the hatching rate decreased from 70 to 56%, as MTX concen-
tration increased from 10 to 30 mg mL�1. Around 10% of the
embryos presented yolk defects, less somites and degeneration
of body parts, as bent or shortened tails. No signicant heart
edema was noticed any more aer 48 hpf, but a few embryos
presented a lower heart beat rate (between 3 and 6%).

Between 66 and 80% of the embryos hatched aer 72 h and
no signicant phenotypic changes were observed, besides
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Representative bright field and fluorescence images of HTC-116 cells incubated for 48 h with AgNPs (b and e) and AgNPs-MTX (c and f)
compared with a control (a and c).

Fig. 13 Representative bright field and fluorescence images of A-549 cells incubated for 48 h with AgNPs (b and e) and AgNPs-MTX (c and f)
compared with a control (a and c).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 10646–10660 | 10657
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Fig. 14 Microscopic images of control zebrafish embryos, zebrafish embryos treated with AgNPs-MTX, and zebrafish embryos treated with free
MTX at different developmental stages (6 hpf, 24 hpf, 48 hpf, and 72 hpf, stages according to ref. 34). (A–D) Wild type control embryos showed
normal embryonic development: (A) embryo enclosed in chorion at 6 hpf, (B) embryo enclosed in chorion at 24 hpf, (C and D) hatched larvae at
48 and 72 hpf. (E–H) Some embryos treatedwith AgNPs-MTX (AgNps alone images not shown) presented verymild toxicity phenotypes: (E and F)
embryos with light heart edema at 24 hpf, (G) delay in hatching at 48 hpf, and (H) delayed growth and bent tail. (I–L) A higher percentage of
embryos treated with free MTX showed more severe effects as: (I) chorion with cloudy appearance resembling dead embryos at 24 hpf, (J)
delayed growth andmorphological defects after 24 hpf, (K) larvae with twisted tail at 48 hpf, and (L) delayed growth and bent tail/notochord at 72
hpf.
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a growth delay in around 10%. Consequently, later stages of
embryos were found to be more resistant to MTX treatment.
Although MTX concentrations tested in this study did not show
a pronounced toxicity, Sun et al. showed that zebrash embryos
exposed to a 1.5 mM (681 mg mL�1) MTX during 6–10 hpf failed
to form a normal cardiovascular system. MTX induced such
malformations by inhibiting the dihydrofolate reductase
(DHFR), an enzyme that is critical for nucleotide synthesis and
methylation, both of which play essential roles in embryonic
development.33

AgNPs-treated embryos did not show dose-dependent
toxicity under laboratory conditions, with an overall mortality
lower than 4% aer 24, 48, and 72 hpf. However, a few embryos
exhibited some phenotypic changes characterized by bent and
twisted tails, pericardial edema and delayed growth at the rst
stage observed (24 hpf). Also, a mild transient pericardial edema
is noted in up to a 66% of the embryos for 100 mg mL�1 AgNPs,
but disappeared aer 48 and 72 hpf, where the hatching rate
reached almost 100% of the embryos (images not shown, as
phenotypeare similar to those of AgNPs-MTX treated embryos).

Finally, the AgNPs-MTX conjugates studied (200, 300, and 400)
(Fig. 14E–H) showed a dose-dependent mortality rate reaching
a 16% aer 24 hours for higher concentrations (100 mg mL�1). As
it was noted in early stages (24 hpf) for AgNPs alone, light peri-
cardial edema reached up to 80% of the embryos for 100 mg mL�1

AgNPs-MTX 400, but it disappeared at 48 hours, allowing
a hatching rate between 90 and 100% aer 72 hours. As observed
in Fig. 15, the mortality rate (in %) in free MTX (10 and 30 mg
mL�1) treated zebrash embryos is notably higher than the
mortality rate in AgNPs or AgNPs-MTX conjugate treated embryos,
pointing out the reduced toxicity of MTX attached to nanocarriers.

As shown in Fig. 15, heart rate of embryos at 72 hpf was
unaffected by AgNPs and AgNPs-MTX treatments. On the other
10658 | RSC Adv., 2020, 10, 10646–10660
hand, the comparative mortality percentage for different
concentrations of MTX and 100 mg mL�1 of AgNPs and AgNPs-
MTX 400 showed no toxicity for AgNPs and AgNPs-MTX equiv-
alent doses tested on cancer cells.

On the contrary, a remarkable toxic effect of free MTX, 30
mg mL�1, is observed for the development of zebrash (as
reported in the literature33). AgNPs alone showed a mild effect
inducing delayed growth and weak morphological defects.
However, when methotrexate is conjugated to AgNPs, there is
no general cytotoxic effect in zebrash, AgNPs-MTX rather
show similar side effects as AgNPs alone. AgNPs-MTX,
however, are effective against colon and lung cancer cells,
as shown in the cytotoxicity assay. Taken together, these
results point towards a strong reduction of systemic drug
toxicity of MTX when conjugated to silver nanoparticles and
therefore an expected improvement in the outcomes of AgNP-
MTX when used in chemotherapy.
4. Conclusions

Polydisperse AgNPs-MTX of controlled size have been success-
fully synthesized by controlling temperature and pH, and using
as reducing agents borohydride and citrate.

Polydispersed spherical shape silver nanoparticles with
a mean size around 13 nm and a distribution range between 7
and 21 nm were obtained. HRTEM mapping showed a homo-
geneous distribution of Ag and N (as an indicator of the pres-
ence of MTX) with prevalence of a silver nanocrystalline phase
(determined by SAED images), which suggested the formation
of an Ag-MTX conjugate. Spectroscopic determinations indi-
cated the chemisorption of MTX through a carboxylic group
(–COOH) onto AgNPs via exchange with a citrate molecule.
This journal is © The Royal Society of Chemistry 2020
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Fig. 15 (A) Average heart beat rate of embryos at 72 hpf. (B)
Comparative mortality (in percent) for different concentrations of MTX
and 100 mg mL�1 of AgNPs and AgNPs-MTX 400.
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Drug loading capacities calculated for synthesized AgNPs
using different amounts of MTX were 28, 31, and 40%. In vitro
drug release tests depicted similar release proles for all drug-
conjugated AgNPs releasing between 77 and 85% of the initial
MTX loaded onto AgNPs. The implementation of a kinetic model
pointed out that the free MTX dataset tted a rst order model,
whereas the AgNPs-MTX dataset tted a simplied Higuchi
model, in whichMTX release is controlled by diffusion, with drug
release being slowed down when compared to free MTX.

Anticancer activity testing in colon and lung cancer cells
suggested the effectiveness of drug-conjugated AgNPs: conju-
gation is enhancing the therapeutic effect of MTX and it is at the
same time decreasing the effective doses of MTX required for
achieving this effect.

Finally, an in vivo zebrash assay did not show a remarkable
toxicity or malformation induction by AgNPs-MTX, providing
a rationale for further progress on the therapeutic use of AgNPs-
MTX nanoparticles. MTX is used in chemotherapy in human
cancers, such as acute lymphocytic leukemia, osteosarcoma,
non-Hodgkin lymphoma, head and neck cancer and breast
cancer.35 However, its therapeutic window is very narrow and its
toxicity is high. AgNPs-MTX with their higher efficiency against
cancerous cells could help to decrease the required drug intake,
direct the therapy more specically to cancerous cells and
reduce overall MTX toxicity to healthy body cells.
This journal is © The Royal Society of Chemistry 2020
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