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Abstract

The ability of silver nanoparticles (AgNPs) to be used as drug nanocarriers has helped rapidly to invent novel strategies to
treat diseases, such as cancer. The nanoparticles may offer a valuable tool to novel pH-sensitive drug delivery systems in the
present scenario because of their undergoing mechanisms associated with the regulated dissolution, aggregation, and genera-
tion of oxygen radicals as well. These processes could be monitored by electrochemical (bio)sensors that are less money and
time-consuming compared to other analytical approaches, however, with comparable analytical performance. In this paper,
synthesized and microscopically characterized gallic acid-coated AgNPs (GA-AgNPs) are investigated using spectral and
electrochemical methods. To investigate the Ag* release, a 21-day ageing experiment is performed spectrophotometrically,
finding that the peak maximum of GA-AgNPs spectra diminished by 24.5%. The highest Ag* content was electrochemically
determined in the supernatant solution after centrifugation (6.97 pmol-L "), while no significant concentration of silver ions in
solution after redispersion was observed (1.26 pmol-L=!). The interaction experiment indicates a stabilization of GA-AgNPs
in the presence of long-chain dsDNA as well as a mutual electrostatic interaction with DNA sugar-phosphate backbone. This
interaction mechanism is confirmed by FTIR analysis, showing a shift (1049 to 1061 cm™' and 913 to 964 cm™) specific
to DNA phosphate bands. Finally, doxorubicin-loaded GA-AgNPs are monitored for the specific drug release in the physi-
ological and more reactive weakly acidic microenvironment. Hereby, electrochemical (bio)sensing of GA-AgNPs undergoing
mechanisms shows a huge potential to be used for monitoring of drug delivery systems at cancer therapy.

Keywords Silver nanoparticles - Aggregation - Silver ion release - DNA interaction - Electrochemical biosensor - Drug
delivery system

Introduction

Silver nanoparticles (AgNPs) as very promising and attrac-
tive nanomaterials have been of interest especially in bio-
medical applications since they showed antimicrobial activ-
ity. These properties come out from their ability to produce
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inhibition of their activity. The biomolecule-AgNPs interac-
tions strongly depend on the surface properties of AgNPs
and thus influence the AgNPs uptake into cells. That is why
the surface modification is a key factor in biomedical use [2].

Both the ROS generation and the release of silver ions
have been shown as critical steps in the AgNPs-induced
effect against biomolecules. Till now, many papers have dis-
cussed the potentially toxic influence of AgNPs on biomol-
ecules of different organisms from small microbial cells [3,
4] to human cells [5-7]. However, the term “toxicity” may
be interpreted in both positive and negative ways depending
on, whether the goal represents a benefit or a potential haz-
ard. It is necessary to disinfect/sterilize surfaces and areas,
e.g., in medical facilities, especially during the COVID-
19 outbreak. Hereby, the antimicrobial activity/toxicity of
AgNPs has a huge positive impact on human health. On
the other hand, when the same (nano)material undergoes
an unintended or undesired mechanism including the spon-
taneous release of silver ions Ag* and the production of
ROS, then such toxicity can be defined as a negative out-
come. The processes related to the AgNPs can be effectively
used in targeted drug delivery systems as drug nanocarriers,
especially as nanocarriers of chemotherapeutics for cancer
treatment and therapy. Upon targeting the drug to a tumor
cell, AgNPs release the drug due to the physical or chemi-
cal changes in tumor cell microenvironment which leads to
their destabilization; thus, the oxidation of silver to Ag* with
the spontaneous ROS formation occurs. These free radicals
could also force the apoptotic cancer cells’ death, meaning
that the drug-dependent Ag™ and ROS release may offer a
potent synergistic anticancer activity.

The changes in external/internal stimuli (pH, temperature,
redox potential) by releasing drugs into the affected cancer
cells can be beneficial in smart drug delivery nanosystems.
Ergo, these smart systems can recognize the physiological
differences between normal and diseased conditions [8].
Unfortunately, most of the drugs lack a selectivity, resulting

Table 1 The most used stabilizers of AgNPs

in “off-target” and possible cumulative side effects, which
limit the therapeutic potential of these highly effective
compounds. Furthermore, drug-induced cancer resistance
is another obstacle that limits the clinical use of chemothera-
peutics [9]. The capture of chemotherapeutics onto biocom-
patible and biodegradable nanocarriers offers the prospect
of minimizing their undesirable toxicity and improves the
distribution of active molecules to diseased cells while pro-
tecting healthy ones [10].

The monitoring of specific interactions of drugs with
biomolecules is one of the important aspects as well. Since
the drug undergoes a well-known interaction with DNA, its
mechanism may be effectively used for the recognition of
damaged and original DNA sequences. Guest molecules for
stimuli-responsive nanocarriers, such as chemotherapeutics,
can be encapsulated, thus, adsorbed (either electrostatically
or chemically) on the nanosubstrate and further released
upon altering ambient conditions of cancer cells (as pH,
temperature, redox potential). Such systems may help to find
much more effective treatment methods than just consum-
ing drugs alone [5]. To minimize non-specific interactions
of AgNPs with biomolecules, many stabilizing or capping
agents have been used for the AgNPs synthesis as summa-
rized in Table 1. The synthesis of AgNPs is mostly car-
ried out physically (irradiation or temperature gradient) and
chemically (reducing agents) [11]. Moreover, biologically
mediated synthesis of AgNPs has become of interest due to
better biodegradability and biocompatibility of the product,
possible reduction of chemical agents need, elimination of
an extra step for avoiding AgNPs aggregation, and environ-
mental friendliness. Green synthesis of AgNPs is usually
performed using bacteria [12], fungi [13], algae [14], plant
extracts [15—18], or amino acids [19].

According to the complexity of drug delivery systems, an
appropriate detection mode within existing (bio)analytical
methods has to be chosen. To address this issue, electro-
chemical (bio)sensors as rapid, simple, and inexpensive (bio)

Stabilizer Specification Ref

Casein Environmentally friendly polymer to coat, mostly used for antimicrobial activity tests [20, 21]
Dextrin Stabilization between reducing ends and longer sugar chains [20, 22]
Citrate Stabilization by charge repulsion, weak bonding to the Ag core [23-28]
Oleate No significant toxicity to microorganism [19, 29, 30]
Chitosan Biocompatible functional molecule with the possibility of further conjunction [31]
Polyvinylpyrrolidone Steric stabilization, strong bonding to the Ag core [20, 23, 25, 26, 32-34]
Polyvinylalcohol Biocompatible, non-toxic material with antimicrobial properties and optical clarity [30, 35]
Polyethylene glycol Steric stabilization, strong bonding to the Ag core [23, 35]
Polyallylamine hydrochlorid Adsorbing stabilizer with preferred lower molecular weight [35]
Polyethylenimine Non-antimicrobial activity stabilized by positive charge, high stability, blocking of Ag* [36, 37]

release
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analytical devices could be used to monitor the mechanisms
related to AgNPs behavior, their action in drug delivery
systems, and to study the interactions of surrounding bio-
molecules with drugs and their nanocarriers. These sens-
ing tools represent a suitable alternative to other analytical
techniques regarding their low cost, undemanding sample
treatment, low equipment requirements, fast response, and
respectable selectivity and sensitivity to matrix effects. They
utilize modern electroanalytical methods that have increas-
ingly been used in the determination of a wide range of
biologically active compounds, mainly cancer biomarkers
[38]. However, the use of electrochemical sensors in drug
delivery design, especially for monitoring a microenviron-
ment-dependent gradual drug release from a nanocarrier, has
not widely been applied. Well, considering the advances in
nanotechnology, novel sensing (bio)analytical devices have
been of interest in order to create cheaper, more practical
(bio)sensors with a high level of sensitivity [39]. With a
combination of voltammetric and impedimetric approaches,
one can obtain complex information about the redox behav-
ior of (bio)molecules of interest as well as the interaction
mechanism happening at the electrode-solution interface.
Hereby, we present a comprehensive multi-analytical
method-based study of gallic acid-coated AgNPs
(GA-AgNPs) of specific size and shape and their
undergoing mechanisms that could potentially be used
in drug delivery systems for cancer treatment (Fig. 1a).
GA-AgNPs were firstly synthesized using gallic acid

Fig.1 Characterization of
GA-AgNPs: (a) schematic 30

as a reducing agent. The plasmonic signal of prepared
GA-AgNPs was registered spectrophotometrically in the
UV-Vis region and an obtained SEM image was used to
define their spherical shape and size of approximately
15 nm. The processes related to GA-AgNPs, such
as the aggregation and formation of ROS as well
as a consecutive Ag* release, were monitored by
UV-Vis spectral and voltammetric analysis, respectively.
Moreover, a complex electrochemical study of the
interaction of GA-AgNPs with a low molecular
double-stranded DNA (dsDNA) from salmon sperm
was performed showing the preferential binding of
GA-AgNPs to the sugar-phosphate backbone of dsDNA.
This result was also confirmed by FTIR analysis.

Materials and methods
Apparatus

UV-Vis spectral analysis was performed by spectrophotom-
eter Thermo Scientific-Evolution 201 (USA) with 10 mm
path quartz cuvettes. FTIR absorption spectra were recorded
on Shimadzu IRSpirit FTIR spectrophotometer (Germany)
using ATR technique (attenuated total reflectance). Scanning
electron microscopy (SEM, JSM-IT500HR, JEOL, Japan)
was used to characterize the shape and size of GA-AgNPs.
The samples for SEM were prepared on pre-cleaned silicon
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oxide substrates (OSSILA, UK) and processed without prior
metal sputtering. During the SEM measurements, an accel-
erating voltage in the range of 20-25 kV was used. A size
distribution diagram was estimated using an image editor
Imagel. Electrochemical measurements as cyclic voltam-
metry (CV), differential pulse anodic stripping voltammetry
(DPASV), differential pulse voltammetry (DPV), and elec-
trochemical impedance spectroscopy (EIS) were performed
using the Metrohm Autolab PGSTAT12 Potentiostat/Galva-
nostat Electrochemical System (Netherlands) driven by the
software NOVA version 1.11 (Metrohm Autolab, Nether-
lands). A three-electrode system composed of a glassy car-
bon working electrode (GCE) with a disc diameter of 2 mm
(Metrohm, Netherlands), a silver/silver chloride reference
electrode (Ag/AgCl/sat KCl, L-CHEM, Czech Republic),
and a platinum counter electrode was used. Phosphate buffer
solution (0.1 mol L™! PB, pH 7.4) was used as a supporting
electrolyte. The experiments were performed in 10 mL glass
voltammetric cells. For the experiments in UV irradiation,
an UV lamp LD 9 W G23 with working wavelength 368 nm
was used. All experiments were carried out at ambient tem-
perature. Graphical analysis was performed in software
OriginPro 8.0.

Reagents

Salmon sperm dsDNA was purchased from Sigma Aldrich
(Slovakia) and its 0.1 mg mL~! stock solution prepared in
PB was stored at 4 °C. 4-Chloro-7-nitrobenzofurazan (NBD-
Cl) was purchased from Sigma Aldrich (Slovakia) and pre-
pared as a stock solution of 2 mg mL~! (10 mmol L™!) in
acetonitrile. GA-AgNPs were synthesized in our laboratory
using the protocol described below. Silver nitrate, gallic
acid, sodium hydroxide, ammonia, sodium hydrogen phos-
phate, sodium dihydrogen phosphate, and other required
chemicals were obtained from Mikrochem (Slovakia). For
GA-AgNPs modification, doxorubicin (DOX) was purchased
from Sigma Aldrich (Slovakia) and its 1 mg mL™" stock
solution was prepared in deionized water and kept in dark.

GA-AgNPs synthesis and characterization

GA-AgNPs were prepared using a chemical synthesis
described by Martinez-Castafion et al. [40]. The reduction
of silver ions from silver nitrate took place in the presence
of a bioreducing agent, gallic acid, which is known as a
phenolic acid naturally occurring in many land plants, fruits,
and vegetables. Well, for the synthesis, 16.9 mg of AgNO;
was dissolved in a 100 mL volumetric flask with deionized
water and added to a 250 mL beaker. A total amount of
10 mg of GA was dissolved in a 10 mL volumetric flask
with deionized water and added to AgNOj; solution under
stirring. Afterwards, pH value of the mixture was being
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adjusted to 10 by a 7.7 mol L~! ammonia solution with the
simultaneous generation of spherical GA-AgNPs. The pre-
pared GA-AgNPs were analyzed spectrophotometrically in
UV-Vis region from 250 to 900 nm showing a typical nar-
row absorption band with a maximum at 410 nm (Fig. 1d).
The SEM images confirmed a spherical shape of GA-AgNPs
(Fig. 1c). A zoomed version of the SEM image (scale of
10 nm) with 102 nanoparticles was used to construct a dis-
tribution diagram (Fig. 1b). The average size of GA-AgNPs
was automatically calculated using the program ImageJ and
was computed to 15 nm. Moreover, the SEM image showed
a high degree of GA-AgNPs aggregation.

To modify the silver nanocarriers with DOX, 1 mL of
the solution of spherical GA-AgNPs was centrifuged at
10 000 rpm for 10 min. Next, a supernatant was removed
and the nanocarrier pellet was dispersed in DOX solu-
tion of final concentration 10 pg mL~! in deionized water
and allowing it to react for 16 h at controlled temperature
37 °C in dark. The product was centrifuged the next day for
10 min at 10 000 rpm and the supernatant was removed. The
functionalized and drug-loaded nanocarriers were washed,
dispersed, and centrifuged twice in water. The pellets of
GA-AgNPs/DOX nanocarriers were dispersed in 1 mL of
desired medium with pH values of 7.0 and 5.5 to mimic the
microenvironment of healthy and cancer cells.

Construction of DNA-based biosensor

The GCE surface was first cleaned mechanically by
polishing with “alumina slurry” of 0.3 pm (Metrohm,
Netherlands) on a mohair paper, washed with nanopure
water, and pretreated by applying a potential of + 1.5 V
for 300 s in PB under stirring. This anodic pretreatment
enhances electrochemical activity over the simply freshly
polished electrode surface and the roughness of the elec-
trode surface. At the potential of + 1.5 V, no significant
surface changes or topography was found. At higher
potentials, the GCE surface can be deactivated due to
extensive reduction of the graphite-oxide layer leading
to GCE erosion. Zhai et al. confirmed the decreasing
of the effective electrode area with growing pretreat-
ment potential, thus, lowering peak currents of analytes
accompanied with higher background currents [41]. A
voltammetric control scan in 1 mmol L™! redox indicator
[Fe(CN)6]3_/4_ was performed to monitor the quality of
the bare working electrode. To fabricate the biosensor,
a potential-controlled electrostatic deposition of dsDNA
from its solution (35 pg mL™") in PB (pH 7.4) to the GCE
surface was applied. Therefore, critical parameters for the
preparation of a stable and reproducible DNA layer, such
as deposition potential (+ 0.6 V), deposition time (300 s),
and scan rate (25 mV s™!), were optimized. An excellent
reproducibility of the deposited biolayer was confirmed
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by DPV responses of guanine (dGuo) and adenine (dAdo)
residues (RSD of 4.66% and 2.15%, respectively). Good
stability of the biosensor up to the longest interaction
time between dsDNA and GA-AgNPs (60 min) was found
and tested by CV measurements of the redox indicator
peak current.

Electrochemical analysis

For electrochemical study of the GA-AgNPs interaction
with dsDNA, the dsDNA/GCE biosensor was immersed
into the aqueous solution of 2-fold diluted GA-AgNPs
colloid for up to 60 min. Subsequently, the surface of
the biosensor was rinsed with deionized water and
electrochemical measurements (CV, EIS, and DPV)
were performed under the following conditions: CV in
1 mmol L™! [Fe(CN)6]3‘/4‘ redox indicator in PB pH 7.4
from — 0.2 to+0.7 V using the scan rate of 0.1 mV s~
and the step potential of 2 mV; EIS in 1 mmol L~!
[Fe(CN)6]3_/4_ using the polarization potential of 0.2 V,
the frequency range from 0.1 Hz to 5 kHz (51 frequency
steps), and the amplitude of 10 mV. These methods were
applied after each step of biosensor modification to con-
trol the quality and stability of the prepared biolayer.
The interaction between GA-AgNPs present in the solu-
tion and dsDNA immobilized at GCE surface was also
observed with CV and EIS by monitoring the electron
transfer rate and the charge transfer resistance R, of the
working electrode, respectively. Afterwards, the biosensor
was rinsed with water and DPV anodic scans in 0.1 M PB
pH 7.4 were registered using the scan rate of 25 mV s~
The DPV peak currents corresponding to the anodic oxi-
dation of dGuo and dAdo were evaluated against the base-
line and corrected to the blank.

To confirm the presence of dissolved silver ions and to
determine their concentration in GA-AgNPs solutions, the
DPASYV method was used. The parameters such as condi-
tional potential (+ 1.0 V), potential time (30 s), deposition
time (300 s), deposition potential (— 0.3 V), and modula-
tion amplitude (100 mV) using silver nitrate (1 pmol LY
and sodium nitrate (0.1 mol L™!) as electrolyte were opti-
mized. After the deposition of silver film on the GCE
surface, all electrodes were rinsed by deionized water
and immersed into pure 0.1 mol L™! sodium nitrate elec-
trolyte. Then, the stripping conditions were applied. For
the determination of silver ions, a calibration curve in the
concentration range from 0.1 to 1 pmol L™! was obtained.
Applying DPASYV in various samples (original GA-AgNPs
mixture after synthesis, supernatant after centrifugation,
and dispersed GA-AgNPs in water after centrifugation),
the reoxidation signal of silver ions was investigated and
their concentration in each sample was calculated.

Spectral analysis

UV-Vis absorption spectra were obtained within the wave-
length range from 300 to 900 nm. For the experiment, quartz
crystal cuvettes with a path length of 10 mm were used. Ten-
fold diluted GA-AgNPs were applied to study the ageing and
interaction mechanisms. All experiments were run at room
temperature in deionized water, if not specified.

IR spectra with Fourier transformation were recorded in
the region from 4000 to 500 cm™' using an ATR diamond
crystal. Before each measurement, the crystal was washed
with distilled water and acetone, respectively. Then, 5 pL of
each aqueous sample was deposited onto the ATR crystal
and air-dried to provide an active sampling area by creat-
ing a uniform film. Forty-five sample interferograms were
acquired at a resolution of 16 cm™'.

Results and discussion

Assessment of aggregation and spontaneous Ag*
release

To evaluate the quality of the prepared GA-AgNPs, 21-day
ageing tests were first performed during which GA-AgNPs
were spectrally characterized. Figure 2a (up) shows the
UV-Vis absorption spectra of GA-AgNPs taken at various
time periods after their exposure to daylight at room temper-
ature. The fresh nanoparticles manifested a sharp and sym-
metric absorption peak at 410 nm. This well-defined plas-
monic peak (surface plasmonic band, SPB) is indicative for
relatively large, monodisperse, spherical silver particles. The
SPB shape, position, and intensity are strongly dependent on
the surrounding medium, size, shape, electronic interactions
of the stabilizing ligands with the nanoparticle, and the state
of agglomeration which causes red-to-blue visible shifts in
absorption spectra [42]. This process starts being observable
on the 8th day when a beginning of the tail appearing on the
red side of the band can be seen. After 8 days, the absorp-
tion band broadens considerably and becomes noticeably
asymmetric with the simultaneous formation of the second
peak at the red shift. These changes indicate even further
aggregation of the particles into clusters in suspension [23,
34]. Moreover, the color of the GA-AgNPs solution changed
from yellow to pink (Fig. 2a, down) that confirms the pres-
ence of colloidal silver as an initial seed for aggregation
[43]. The formation of aggregates can be also seen in SEM
image present in Fig. lc.

DNA-regulated aggregation

For drug delivery systems, the systematically regulated
behavior of GA-AgNPs in terms of stability, agglomeration,
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silver ion releasing, ROS formation, and mutual interac-
tions with ambient biomolecules is required. Especially, the
aggregation of nanoparticles serves as a trigger for all these
mechanisms and its kinetics depends on particle size, surface
charge, and modification with capping agents, the medium
chemistry such as the level of dissolved oxygen, pH, ionic
strength, electrolyte composition, and the presence of natu-
rally occurred thiol-based organic macromolecules [44, 45].
For the use of nanoparticles as drug nanocarriers, it is nec-
essary to face many challenging conditions in physiological
microenvironment. Among them, the presence of monova-
lent and bivalent ions has been shown to be responsible for
the decreased colloidal stability of GA-AgNPs [46]. For this
reason, prepared GA-AgNPs were diluted in NaCl-enriched
PB solution. Figure 2b (up) demonstrates the visual color
changes (from yellow to colorless) of GA-AgNPs colloid
diluted in water and PB. To verify the aggregation, UV-Vis
absorption spectra of GA-AgNPs were registered (Fig. 2b,
down). A well-defined SPB was observed for water-diluted
GA-AgNPs, while salt-enriched GA-AgNPs exhibited a sig-
nificant decrease of the absorption band at 410 nm and a
new broad absorption band as an additional red shift was
observed (Fig. 2b, down). The stability, regarding the resist-
ance against the salt-induced aggregation, of the prepared
nanoparticles was tested in PB in the presence of dsDNA
as a potential electrostatic stabilizer. Upon interaction of
GA-AgNPs with increasing amount of dsDNA, the SPB at
410 nm became regenerated and narrower as well, thus, it
started taking a previous position. DNA molecules obviously
served as the stabilizing agents due to the steric stabilization
of GA-AgNPs using long-chain dsDNA molecules as well

@ Springer

wavelength / nm

as the charge-based interactions as the electrostatic, van der
Waals, and double layer forces between GA-AgNPs aggre-
gates and DNA sugar-phosphate backbone at high level of
salt concentration.

Ag* release

The conversion of GA-AgNPs into the silver ions as a conse-
quence of their agglomeration was investigated by DPASV.
Using a wide range of silver nitrate solution concentrations
(Fig. 3a) and the optimized parameters for anodic strip-
ping analysis of silver, the calibration curve was obtained
(Fig. 3b). This relation between the reoxidation peak cur-
rents and the silver ion content in solution was used for the
quantification of released silver in the fresh GA-AgNPs sus-
pension, in the supernatant solution after their centrifuga-
tion, and in GA-AgNPs solution after redispersion in water
(all samples were 10-fold diluted). The presence of anodic
stripping signal of silver at+0.17 V confirmed the changes
of GA-AgNPs accompanied by the aggregation and dissolu-
tion to Ag* ions. The highest Ag* content was found in the
supernatant solution after centrifugation (6.97 pmol L),
while no significant concentration of silver ions in solution
after dispersion was observed (1.26 pmol L™ (Fig. 3c).
Comparable results were observed after 1 week in the
same samples stored at laboratory temperature and daily
light. Here, the determined concentration of silver ions
was approximately 1.6-2.6 times higher than in the fresh
samples. The time-depending enhanced dissolution of
GA-AgNPs under daily light can be expected. These facts
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Fig.3 Determination of silver ions release: (a) DPAS voltammograms for various concentrations of silver ions in silver nitrate solution, (b)
a corresponding calibration curve, and (¢) DPAS voltammograms for original GA-AgNPs and dispersed after centrifugation

correlate with performed ageing tests at daylight using
UV-Vis analysis.

Interaction studies of GA-AgNPs with dsDNA
Electrochemical analysis

The specific interactions of drugs with biomolecules can be
used in drug delivery systems, where the drug undergoing a
well-known interaction mechanism with DNA may be fixed
on a (nano)substrate and this system can be used to recog-
nize a damaged DNA and distinguish it from an original one.
Such systems may help to find much more effective treat-
ment methods than just consuming drugs alone. Importantly
as well, upon releasing a drug from the AgNPs surface, the
positively charged silver aggregates upon releasing silver
ions can electrostatically bind to the negatively charged
cell membrane and other biomolecules in order to interfere
membrane integrity and cause the membrane destabilization
and potential DNA damage. Understanding the ensemble of
these mechanisms is essential for effectively regulating the

(non)wanted effects and consequences of AgNPs reactivity
in drug delivery design. For these reasons, electrochemical
DNA biosensors may represent promising tools in this field.

Upon exposing DNA to the external physical or chemi-
cal agents, such as irradiation or DNA structure-interacting
molecules (e.g., drugs), we are able to electrochemically
monitor the structural (ir)reversible changes of the biolayer
at the electrode surface, either using the electron transfer rate
of redox indicators or the direct electrochemistry of DNA
nucleobases [47, 48]. Typically, the [Fe(CN)6]3_/ 4= complex
as a redox indicator is used to test the presence and quality
of the DNA layer using CV and EIS. Due to a repulsion
between the indicator anions and the negatively charged
DNA backbone, a decrease in the CV peak current is
observed when compared to that at a bare electrode without
DNA [49]. This corresponds well with the results obtained
for our dsDNA/GCE biosensor (Fig. 4a). The incubation
of the dsDNA/GCE biosensor in GA-AgNPs has caused a
further significant decrease of [Fe(CN)6]3‘/4‘ CV peak cur-
rent. It indicates an additional barrier effect for the electron
transfer between the redox indicator in the solution phase
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Fig.4 Electrochemical analysis of the GA-AgNPs-dsDNA interaction
using a dsDNA/GCE biosensor: (a) cyclic voltammograms and (b)
Nyquist plots of 1 mmol L™! [Fe(CN)¢]*™"*~ as well as (¢) DP voltam-

potential / V vs. Ag/AgCI

mograms of guanine (+0.90 V) and adenine (+1.15 V) residues of
dsDNA before and after the exposure of the dsDNA/GCE biosensor
to the 16.9 ug mL~" AgNPs colloid for given periods

@ Springer



5500

Nemcekova K. et al.

and the electrode surface evidently caused by a dsDNA-
GA-AgNPs association. The probable reason is the forma-
tion of the electrostatic interaction between the positively
charged silver nanoclusters, that have been confirmed by
spectral analysis (Fig. 2a), and the negatively charged DNA
phosphate backbone. Within the impedimetric analysis, EIS
curves possessed typical Nyquist diagram with the charge
transfer resistance values for the electrode surface. Prior to
the GA-AgNPs-dsDNA interaction, the DNA layer is char-
acterized by the lowest diameter of the semicircle. With the
increasing time of the accumulation, the R values gradually
increase, which can be observed by increasing the diameter
of the semicircle in the Nyquist diagram (Fig. 4b). Thus, the
obtained results show a consecutive increase of the charge
transfer resistance upon interaction of dsDNA with GA-
AgNPs which also indicates a nanoparticle trapping onto the
dsDNA structure. These findings correlate with the obtained
CV results, where the charge transfer rate is decreasing upon
interaction of dsDNA with GA-AgNPs (Fig. 4a).

Moreover, a sensitive DPV technique has been chosen
for the investigation of the interaction between dsDNA and
GA-AgNPs. Using the direct electrochemistry of nucleic
acids, it is possible to principally monitor 2 responses:
potential shifting and current changes upon binding guest
molecules into the DNA structure. To do so, the dsDNA/
GCE biosensor was transferred into PB solution upon the
interaction with GA-AgNPs and DP voltammograms were
recorded in the positive potential values up to+1.5 V.
The dsDNA/GCE exhibited DPV anodic peaks of deoxy-
guanosine (dGuo, at+0.90 V) and deoxyadenosine (dAdo,
at+ 1.18 V). After the incubation of the biosensor in the
GA-AgNPs solution, the peaks of dGuo and dAdo showed
a progressive time decrease (Fig. 4c). With a relation to the
CV and EIS results, where the changes in charge transfer
rate and resistance, respectively, indicated the GA-AgNPs
trapping by dsDNA, the silver aggregates then preferen-
tially bind to the DNA phosphate backbone via electrostatic
interaction. Therefore, the current signal of dGuo and dAdo
consequently decreases, which means the formation of the
additional barrier by trapped GA-AgNPs against the nucle-
obases oxidation. For steric reasons, a direct interaction of
dGuo and dAdo inside a double strand with GA-AgNPs is
not considered.

FTIR analysis

To deeply investigate the mechanism of the GA-AgNPs-
dsDNA interaction, IR analysis accompanied with Fourier
transformation was performed using an ATR crystal for a
single drop analysis. Before transferring the samples onto
the cleaned and dried ATR crystal, they were left on the
bench for a few minutes to establish room temperature and
to let dsSDNA and GA-AgNPs interact together. To verify the
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results from UV-Vis analysis and electrochemical investi-
gations, FTIR spectra were obtained with dSDNA and GA-
AgNPs in concentration range under experimental condi-
tions used for the dsSDNA/GCE biosensor. Figure 5 shows
the FTIR spectra recorded for dsDNA as well as for the
mixture of dsDNA and GA-AgNPs. According to the lit-
erature [50], individual absorption bands for dsDNA can
be ascribed as follows: 1694 and 1654 cm™' to nucleobases
C=0 stretching, 1238 cm™~! to DNA phosphate asymmetric
stretching, 1141 cm™! to DNA phosphate symmetric stretch-
ing, 1049 cm™! to C— O D-ribose stretching, 913 cm~! to
D-ribose ring vibration, and 867 cm~! to C; endo-sugar.
After the dsSDNA-GA-AgNPs interaction, the absorption
bands of nucleobases for the dSSDNA-GA-AgNPs mixture
were unchanged in the corresponding regions from 1697
to 1655 cm™!. At the same time, the DNA phosphate bands
exhibited a shift to higher wavenumbers (1049 to 1061 cm™!
and 913 to 964 cm™!). Moreover, the DNA phosphate sym-
metric stretching at 1141 cm™! disappeared. This all indi-
cated preferential electrostatic interaction of GA-AgNPs
with the DNA sugar-phosphate backbone.

GA-AgNPs as perspective drug nanocarriers

Nanoparticles as the particles of ultrasmall size can easily
pass through our body system and penetrate through the cell
membranes. Hence, they can be used to target the specific
disrupted locations of interest. For instance, the passive or
active targeting of particular diseased cells or tumor tissues
is possible. For this, a combination of mechanisms related
to AgNPs, such as aggregation, ion release, ROS formation,

——dsDNA
— dsDNA with GA-AgNPs

transmittance / %

1061

600 1200 1800

wavenumber / cm’’

Fig.5 Spectral analysis of GA-AgNPs and their interaction with
dsDNA: FTIR spectra of dsDNA in the absence (red) and presence
(black) of GA-AgNPs showing the electrostatic interaction with the
DNA phosphate backbone
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and a gradual drug release from AgNPs surface, might lead
to a potent synergistic therapeutic activity. Since AgNPs
have been of interest especially in biomedical applications
for their antimicrobial properties, the mechanism behind was
found to be attributed to the formation of ROS [4]. That is
why the processes related to the AgNPs can be effectively
used in targeted drug delivery systems as substrates for drug
loading, especially as nanocarriers of chemotherapeutics for
cancer treatment and therapy [51].

Detection of ROS formation by NBD-CI

To test the ROS production by GA-AgNPs, the spectral
behavior of the indicator NBD-Cl was exploited since its
derivatives have been proved to be extremely useful as a
ROS trapping agents [52]. The mixture of 100-fold diluted
GA-AgNPs and NBD-CI (1.5 mL at Petri dish) was exposed
to UV-A irradiation for up to 60 min. This irradiation was
chosen to study the ROS production in relation to discussed
drug delivery system. After each time period, the UV-Vis
absorption spectra of NBD-CI with subtracted spectra of
GA-AgNPs (with maximum at 410 nm) were recorded
(Fig. 6a). The gradual decrease of the absorbance at 340 nm
corresponds to the consecutive oxidation of NBD-CI. At the
same time, the gradual increase of the absorbance at 470 nm
can be observed which corresponds to the emerging oxi-
dation peak of NBD-CI after ROS trapping. The trapping
mechanism was also confirmed by an increased absorption
band in oxygen-saturated environment (not shown). In the
presence of dissolved oxygen, the enhanced aggregation of
GA-AgNPs also takes place, compared to GA-AgNPs them-
selves [27].

pH-sensitive DOX release from GA-AgNPs

The effect of ROS formation in the microenvironment of
different pH was studied in order to create the pH-sensitive
system for gradual drug release from the GA-AgNPs surface.
Since the pH values of normal and cancer cell microenvi-
ronment differ (decrease for cancer cells), the physiological
(pH 7.0) and weakly acidic (pH 5.5) medium were applied
to study the gradual drug release from the nanoparticle sur-
face using the spectral analysis of NBD-CI. For these pur-
poses, DOX as an oxidative chemotherapeutic agent that
can cause a wide range of biological reactions was used.
Most importantly, DOX can produce ROS which damage
surrounding biomolecules [53]. However, DOX lacks selec-
tivity, resulting in “off-target” and possibly cumulative side
effects, which limits its therapeutic potential. The capture
of DOX onto the reactive surface of GA-AgNPs could offer
the prospect of minimizing undesirable toxicity of DOX for
normal cells as well as the ROS-induced damage to cancer
cells. Well, DOX-loaded GA-AgNPs were prepared using
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a protocol described above. Generally, DOX can be easily
adsorbed on carboxyl-terminated molecules via hydrogen
bonds, van der Waals bonds, or electrostatic interactions
[54]. In our case, GA used for the synthesis also serves as the
stabilizing agent, thus, creates an organized layer around the
nanoparticles [55]. Since GA consists of 3 carboxyl groups
in its structure, they can be involved in the immobilization of
DOX onto the GA-AgNPs surface as well. Therefore, DOX
is fixed onto the GA-AgNPs surface via formation of elec-
trostatic interactions.

The mixture of GA-AgNPs/DOX nanocarriers and NBD-
Cl was exposed to the UV-A irradiation at Petri dish for up
to 60 min. After each time period, UV—Vis absorption spec-
tra of NBD-C1 with subtracted spectra of GA-AgNPs (with
maximum at 410 nm) and DOX (with maximum at 500 nm)
were recorded. The gradual decrease of the absorbance
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at 340 nm and the gradual increase of the absorbance at
470 nm were again corresponding to the consecutive oxi-
dation of NBD-CI (Fig. 6b). As shown in the figure, a sig-
nificantly higher production of ROS (as a consequence of
more intensive formation of NBD-CI oxidation product) was
achieved for the GA-AgNPs/DOX complex at pH 5.5 that
mimics the pH of endosomes within cancer cells, when com-
pared to their release in pH 7.0. The enhancement of ROS
formation is attributed to the synergistic oxidative activity
of (a) DOX itself after being detached from the nanosurface
and (b) GA-AgNPs themselves after releasing DOX, since
both components have been proved to cause the oxidative
stress. Lowering of pH from 7.0 to 5.5 led to the gradual
DOX release from nanocarriers caused by its weakened
interaction with GA-AgNPs at the weakly acidic microen-
vironment. This was due to the protonation of DOX amino
groups, which disrupts hydrogen bonds. Moreover, the loss
of a negative charge of carboxyl groups related to GA at the
GA-AgNPs surface leads to the DOX detachment from the
nanoparticles [56].

The GA-AgNPs/DOX complexes seem to be advanta-
geous for being applied as regulated drug-releasing nano-
tools, especially with a combination of electrochemical
sensor-based detection. Based on the actual results, these
complexes have showed a huge potential in drug delivery
and that is why DOX-conjugated GA-AgNPs will be of our
interest in future studies.

Conclusions and prospects

There is a need for the development of novel strategies to
treat cancer, which would ideally target and kill cancer cells
selectively as well as would have an improved efficacy/
toxicity balance, an enhanced therapeutic index, and an
improved pharmacokinetic profile. The ability of nanopar-
ticles to manipulate the (bio)molecules and their structures
has revolutionized the conventional drug delivery system.
AgNPs, especially those prepared by biosynthesis, offer a
valuable tool to novel drug delivery systems in the present
scenario because of their biodegradability, biocompatibility,
better stability, low toxicity, simple, and mild preparation
methods. For these reasons, AgNPs were prepared by the
reduction with GA, a natural antioxidant present in many
plants and exhibited a wide spectrum of antibacterial activ-
ity. The microscopic characterization of GA-AgNPs revealed
a spherical shape and a size of 15 nm.

It was found that GA-AgNPs could undergo three major
processes in aqueous environments, such as aggregation,
dissolution, and ROS generation. In this study, the mecha-
nisms were systematically evaluated using a variety of elec-
trochemical and spectral techniques. To investigate the Ag*
release, an ageing experiment was performed using UV-Vis
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spectral analysis. As a result, the aggregation started to take
place at 8th day, when a beginning of the tail appeared on
the red side of the band was observable. After 8 days, the
absorption band became noticeably asymmetric with the
simultaneous formation of the second peak at the red shift.
Finally, the peak maximum of GA-AgNPs spectra dimin-
ished by 24.5%. Using an anodic stripping voltammetry, the
highest Ag* content was electrochemically determined in the
supernatant solution after centrifugation (6.97 pmol-L™"),
while no significant concentration of silver ions in solu-
tion after redispersion was observed (1.26 pmol-L™"). In
the presence of dsDNA, the spectrophotometrically tested
production of silver aggregates was significantly eliminated
which indicated a stabilization effect of long-chain dsDNA
on GA-AgNPs.

The interaction of GA-AgNPs present in the solution
with dsDNA immobilized at the carbon electrode surface of
the biosensor was studied using voltammetric and impedi-
metric approaches via monitoring the electron transfer rate
and the charge transfer resistance of the working electrode,
respectively. The results indicated a mutual interaction with
the attached dsDNA. The DNA-regulated agglomeration
was also proved by DPV applied to the biosensor where
the changes in oxidation signals of dGuo and dAdo were
studied. The mode of interaction was confirmed by FTIR
analysis showing a shift (1049 to 1061 cm~! and 913 to
964 cm™!) specific to DNA phosphate bands. Therefore, the
character of the interaction was considered as electrostatic
one between the positively charged GA-AgNPs agglomerates
and the negatively charged DNA sugar-phosphate backbone.

On the other hand, when GA-AgNPs are used as carri-
ers of anticancer drugs (as doxorubicin, DOX), the ROS
formation could be used to enhance the cancer treatment.
Previous results demonstrated that GA-AgNPs have pos-
sessed high antimicrobial activity against the microbes and
relatively lower toxicity towards human healthy cell lines
compared to cancer cell lines, which might result from
the selective anticancer activity of GA. Furthermore, it
was found that GA-AgNPs selectively induced apoptosis
in cancer cells [4]. Counting on that, GA-AgNPs were
loaded with DOX, and the specific drug release from the
GA-AgNPs surface was studied in the physiological and
more reactive weakly acidic microenvironment. Since free
molecules of DOX are able to produce the oxidation stress
to cells, the gradual release of DOX was monitored using a
radical scavenger NBD-CI. The UV—-Vis analysis showed
a gradual formation of NBD-CI oxidation product upon
mixing with DOX-loaded GA-AgNPs in both, physiologi-
cal (pH 7.0) and weakly acidic (pH 5.5) microenviron-
ments, where the oxidative effect was significantly higher
in pH 5.5 due to the enhanced DOX releasing. DOX can
be easily adsorbed on carboxyl-terminated molecules or
modified nanoparticles via hydrogen bonds, van der Waals
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bonds, or electrostatic interactions. In acidic medium, car-
boxyl groups lose a negative charge, and the mentioned
bonds weaken leading to the release of DOX from the
nanoparticle surface. Together, the amino group of DOX is
deprotonated in neutral medium and thus allows a hydro-
gen bond formation. By decreasing pH value, this group
becomes protonated and loses an ability to bind to charge-
less carboxyl groups. To best of our knowledge, all experi-
mental results correspond well with the theory, while the
particular mechanisms associated with GA-AgNPs were in
a good agreement with results of other confirming analyti-
cal methods. There is still a need to deeply investigate the
process of gradual drug release from nanoparticle surfaces
in complex matrices, which gives us an initiative to con-
tinue working on this problem. Since the aggregation, dis-
solution, and ROS generation of GA-AgNPs are a function
of pH, ionic strength, and electrolyte composition, all of
them are key variables to the behavior of GA-AgNPs, both
in nature and in engineered environments. It is presumed
that the high aggregation grade of GA-AgNPs attenuated
their toxic effect on biomacromolecules and living cells.
However, the proper coating/capping of AgNPs proved to
be less prone to aggregation, thus retaining a degree of
their toxicity [46]. Therefore, we will focus on the appro-
priate stabilizing mechanism of AgNPs colloids via well-
selected capping agents (such as polyvinylpyrrolidone or
citrate) and on optimizing the concentration ratio between
the most suitable capping agent and the loading drug to
significantly increase the efficacy of our drug delivery
system.

Another future goal is to explore the possibility of
using AgNPs in combination with bio-conjugation. The
biomolecule-conjugated AgNPs, which have recently been
presented as the operable and effective solutions for tedi-
ous single nanocarrier-based drug delivery systems, can
definitely bring new alternatives to the development of
drug delivery systems with higher drug loading capacity.
Accordingly, aptamer-coated AgNPs can eventually be uti-
lized as multidrug nanocarriers since aptamers show the
high levels of selectivity and specificity.
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