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Abstract: Safe administration of highly cytotoxic chemotherapeutic drugs is a challenging problem 

in cancer treatment due to the adverse side effects and collateral damage to non-tumorigenic cells. 

To mitigate these problems, new promising approaches, based on the paradigm of controlled tar-

geted drug delivery (TDD), utilizing drug nanocarriers with biorecognition ability to selectively 

target neoplastic cells, are being considered in cancer therapy. Herein, we report on the design and 

testing of a nanoparticle-grid based biosensing platform to aid in the development of new targeted 

drug nanocarriers. The proposed sensor grid consists of superparamagnetic gold-coated core-shell 

Fe2Ni@Au nanoparticles, further functionalized with folic acid targeting ligand, model thiolated 

chemotherapeutic drug doxorubicin (DOX), and a biocompatibility agent, 3,6,-dioxa-octanethiol 

(DOOT). The employed dual transduction based on electrochemical and enhanced Raman scatter-

ing detection have enabled efficient monitoring of the drug loading onto the nanocarriers, at-

tached to the sensor surface, as well as the drug release under simulated intracellular conditions. 

The grid’s nanoparticles serve here as the model nanocarriers for new TDD systems under design 

and optimization. The superparamagnetic properties of the Fe2Ni@Au NPs aid in nanoparticles’ 

handling and constructing a dense sensor grid with high plasmonic enhancement of the Raman 

signals due to the minimal interparticle distance. 

Keywords: Raman biosensor; Au-coated nanoparticles; hot-spot SERS substrate; anticancer drug 

nanocarriers; targeted drug delivery sensing; magneto-plasmonic nanoparticles. 

  

1. Introduction 

With the new advances in nanobiotechnology, the targeted drug delivery (TDD) of 

cytotoxic chemotherapeutics is now becoming one of the most promising approaches in 

cancer treatment [1-3]. The TDD systems are based on drug nanocarriers, equipped with 

biorecognition capability directed toward cancer cells [4,5]. Further interests in TDDs arise 

from their ability to mitigate both the adverse side effects of drugs and the collateral dam-

age to non-tumorigenic cells, which cannot be easily achieved with a systemic drug ad-

ministration used in classical chemotherapy. Moreover, there are indications that a TDD 

may protect the drugs against inactivation by the biological medium and likely alleviate 

the multidrug resistance of tumors [6]. In this work, we have investigated new platforms 

for designing and testing of drug nanocarriers for applications in new TDD systems. The 

proposed novel biosensing platform is based on a monolayer of model nanocarriers im-

mobilized on a Au(111) substrate or a gold disk electrode (AuDE). The nanocarriers con-

sist of superparamagnetic gold-coated Fe2Ni@Au core-shell nanoparticles, functionalized 

with a chemotherapeutic drug doxorubicin (DOX) and other functional molecules. For 

sensitive monitoring of analytical signals associated with drug loading and releasing, a 
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dual surface-enhanced Raman light scattering (SERS) and electrochemical transduction 

has been employed. The proposed biosensing platform may serve for the development of 

new nanodrugs and for studies of controlled drug release from nanocarriers under simu-

lated intracellular conditions. 

Chemotherapy has widely been recognized as one of the more successful methods in 

cancer therapy. The classical chemotherapy, based on a systemic administration of highly 

cytotoxic drugs, is able to preferentially kill cancer cells. Unfortunately, this therapy has 

serious disadvantages, such as the severe side effects, high collateral damage to healthy 

cells and it may lead, in some cases, to the organ failure or systemic collapse. Therefore, 

novel approaches have now been aimed at replacing classical chemotherapy with nano-

technology-driven theranostic methods that can mitigate its drawbacks. The new ap-

proaches are based on a targeted delivery of anticancer drugs directly to cancer cells using 

specially designed drug nanocarriers. 

A variety of nanoparticles (NPs) have been designed and investigated for applica-

tions as the nanocarriers in TDD, including liposomes [7], solid lipid NPs [8], empty-shell 

biomolecules, such as apoferritin [9] or cyclodextrin [10], biodegradable particles [11], pol-

ymeric dendrimer nanostructures [4], plasmonic [12,13] and magnetic [14] NPs, and oth-

ers.  

The immobilization of drugs, targeting ligands and other functional molecules onto 

the nanoparticle nanocarriers involves various kinds of binding, including electrostatic 

interactions [15,16], covalent binding [12-14,17-19], adsorption [20,21], supramolecular in-

teractions [9,22], and trapping [7]. The drug binding to nanocarriers and encapsulation 

processes have been carried out to improve pharmacological and therapeutic effects of the 

drugs in terms of reducing collateral damage and side effects [23-25], while increasing the 

local drug potency at the targeted cancer cells. The modality of drug binding to nanocar-

riers has to be carefully assessed taking also into account the specificity of the subsequent 

controlled drug release processes at the target tumor cells [26-28]. 

The drug-loaded nanocarriers themselves require protection against damage due to 

the immune system response and opsonization [29-31]. In order to attain the proper bio-

compatibility, a nanocarrier is ordinarily functionalized by immobilization of pegylated 

ligands on its surface [29,32]. Biocompatible polyelectrolyte complex nanostructures and 

NPs with other coatings can also be designed to serve as the TDD nanocarriers [31,33]. On 

the other hand, the biogenic nanocarriers, such as those based on apoferritin nanocage 

carriers [9], generally, do not require any extra biocompatibility ligands. 

Doxorubicin, used in this work as the model chemotherapeutic drug, is one of the 

most widely used anticancer drugs [34]. It is especially effective in the treatment of breast 

cancer, lymphoma, leukemia, bladder cancer, Kaposi's sarcoma, and others. Upon an en-

try into a cell, DOX molecules follow to the nucleus, intercalate into the DNA duplex and 

act against topoisomerase II, an enzyme active in DNA replication and repair. The DOX 

intercalation results in DNA cleavage [35]. There are several disadvantages of cancer treat-

ment with DOX, including high toxicity to healthy cells, serious side effects, low retention 

of the drug, and low solubility in aqueous solutions. The side effects include hair loss, 

vomiting, rash, and mouth inflammation. Also, the cardiotoxicity and myelosuppression, 

due to DOX, are the results of a local toxicity, occurring at the regular drug doses [36]. In 

our recent study, to mitigate the adverse side effects of a chemotherapeutic drug gemcita-

bine, we have applied binding of the drug molecule to a nanocarrier via its most active 

functional group [13]. Such binding deactivates the drug while it is transported on the 

nanocarrier through a biological environment. Therefore, in this work, DOX was bound 

to a linker, mercaptopropionic acid (MPA), immobilized on gold nanoparticles (GNPs) or 

magnetic nanoparticles (MNPs) by its -NH2 functional group. It has been demonstrated 

that this kind of an approach enables to increase the local drug dosing at the target cancer 

cells, thus improving the treatment efficacy [37]. 

Folic acid receptors (FRs), found to be overexpressed in different types of cancer cells 

including breast cancer [4], serve as the main targeted receptors, specific to the cancer 

cells. Normal cells, in contrast, express only a very small number of FRs, localizing them 
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on the apical surface of polarized epithelia, where the receptors remain inaccessible to the 

drugs [38]. Hence, the nanocarriers with folate conjugates can selectively interact with 

cancer cells, by recognizing the overexpressed FRs, and be internalized in cancer cells via 

the receptor-mediated endocytosis. By this mechanism, folic acid-covered and drug-

loaded nanocarriers can overcome drug resistance caused by P-glycoprotein efflux pumps 

[39]. Thus, the availability of folic acid receptors in cancer cell membrane makes them very 

efficient agents for drug targeting [40]. 

For the detection of subtle changes in surface concentrations of active compounds, 

surface-enhanced Raman spectroscopy (SERS) is often utilized due its high sensitivity and 

functional groups’ recognition capability. In previous works, we have employed SERS for 

the analysis of DNA damage caused by strong oxidants and drugs [18] and for monitoring 

of chemotherapeutic drug upload and release from the nanoparticle nanocarriers 

[12,13,41-43]. The quantitative Raman assays have also been developed for various solid 

drug dosing formats, such as capsules, tablets, and powders [44-48]. In addition, Gotter et 

al. [49] have described the use of Raman spectroscopy for the quantification of a drug 

suspended in a simple semi-solid formulation consisting of paraffin. More complex solid 

pharmaceutical formulations were analyzed by Hargreaves et al. [50], who established 

Raman spectroscopy for quantitative analysis of multi-component pharmaceutical cap-

sules. Furthermore, Stillhart et al. [51] have demonstrated the method suitability for the 

quantification of three low-level excipients in the formulation. Raman spectroscopy is 

very useful in drug analysis not only due to the high sensitivity and chemical specificity, 

but also due to the ease of use, minimal sample handling, and significant discrimination 

against packaging materials and tablet excipients [52]. The addition of electrochemical 

sensing to the SERS monitoring enables convenient characterization of the properties of 

nanocarriers since voltammetric techniques offer high sensitivity and scalability, and can 

be readily integrated in various types of biosensors [12,18,53]. Recently, a variety of SERS 

substrates with high signal amplifications due to overlapping plasmonic fields have been 

proposed for biosensor applications, including localized surface plasmons’ (LSPs) cou-

pling that creates the enhancement “hot spots” effect for the Raman scattering intensity 

[12,18,41,54,55], as well as coupling of multiple plasmon modes [56,57], including LSPs, 

surface plasmon polaritons (SPPs) and bulk plasmon polaritons (BPPs). For very dilute 

analytes and trace concentrations, various kinds of molecular enrichment, including ca-

pillary action with solvent evaporation, magnetic separation, molecular imprinting, and 

others, were recently applied [58,59]. 

By using magnetic nanoparticle-based drug nanocarriers and the external magnetic 

field focusing, it becomes now possible to directly move and localize drugs to solid tumors 

to reduce the side effects of anticancer drugs [35,60,61]. Magnetic nanoparticles offer the 

benefit of utilizing both the enhanced permeability and retention (EPR) effect (referred to 

as the passive targeting) whilst also ensuring a direct, guided delivery to the tumor (active 

targeting) [61-63]. Another advantage of this nanotechnology is the enhancement of the 

magnetic resonance imaging and induction of cytotoxicity through the near-infrared de-

rived hyperthermia [64,65]. Unfortunately, many magnetic nanoparticles, such as the su-

perparamagnetic iron oxide, Fe3O4 (magnetite), are unstable without protection and in 

physiological media undergo degradation due to oxidation, aggregation, and precipita-

tion. Also, the functionalization of non-metallic magnetic NPs is challenging [63,66]. In 

vivo, this may result in an early release of anticancer drug whilst still in the blood stream 

and failure of the drug to reach the tumor [38]. Therefore, to address these problems, we 

and others have developed new magnetic-alloy carriers, such as the superparamagnetic 

Fe2Ni@Au core-shell nanocarriers [14,18,41,67]. The Au shell provides a convenient plat-

form for the surface functionalization of the NPs. Different kinds of macromolecules, such 

as peptides [39] and polymers, [40,68] or hydrophilic ligands forming a self-assembled 

monolayer (SAM), [66,69-71] can be utilized for this purpose.  

Herein, we report on the development of a new magneto-plasmonic grid sensor with 

electrochemical and surface-enhanced Raman scattering (SERS) transduction enabling to 

investigate drug nanocarriers, including functionalization with targeting ligands, 
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attachment of biocompatibility enhancing molecules, and monitoring of drug uploading 

and release. The SERS sensor is based on a Au(111) substrate with a monolayer of gold-

coated core-shell magneto-plasmonic nanocarriers Fe2Ni@Au with inter-particle plas-

monic field “hot-spot” enhancement. The utility of the proposed methodology is demon-

strated for the case of the development of a targeted delivery of a model anticancer drug 

doxorubicin (DOX), folic acid targeting ligand, and 3,6-dioxa-octanethiol biocompatibility 

agent onto the magneto-plasmonic nanoparticle nanocarriers (MPNP@Au). All steps of 

the nanocarriers synthesis and testing are described in detail. 

 

2. Materials and Methods 

2.1. Materials 

The anticancer drug doxorubicin (DOX) used in this work was received from Selleck 

Chemicals (Houston, Texas, U.S.A.). Chemical compounds used for functionalization of 

nanocarriers and linking, including 1-octanethiol (OT), 1,6-hexanedithiol (HDT), 3,6-di-

oxa-octanethiol (DOOT), 3,6-dioxa-1,8-octanedithiol (DOODT), folic acid (FA), cysteam-

ine hydrochloride (CYS), 5-phenyl-1,3,4-oxadiazole-2-thiol (PODAT), and 4-aminothio-

phenol (PATP), were acquired from Sigma-Aldrich Company (Milwaukee, Wisconsin, 

U.S.A.). Covalent binding of functional ligands was achieved using N-(3-dimethyla-

minopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) to form an amide bonding. All reagents were of the analytical grade and were used 

as received. The reduced graphene oxide nanosheets (rGO) were obtained by oxidation of 

graphite flakes in acidic permanganate solution at 50 °C, followed by partial electrochemical 

reduction, using a method we have recently developed for synthesis of electrocatalysts for poly-

phenol sensors [20]. The Au(111) gold substrates (250 nm thick, deposited on a borosilicate 

glass coated with a 4 nm Cr adhesion layer) were obtained from ArrandeeTM company 

(Werther, Germany). Spherical gold nanoparticles (5 to 100 nm dia.) were purchased from 

Nanopartz Inc. (Loveland, Colorado, U.S.A.). The magneto-plasmonic core-shell nanopar-

ticles, Fe2Ni@Au, were synthesized and tested according to the procedure published ear-

lier [67]. All aqueous solutions were prepared using a deionized water with 18.2 M cm 

resistivity, purified with a Millipore purification system (Bedford, Massachusetts, U.S.A.). 

2.2. Modification of Au(111) substrates with nanocarrier grids 

The sensor substrates made of a Au(111) film were cleaned by etching in freshly made 

piranha solution (3:1 v/v concentrated H2SO4 : 30% H2O2; CAUTION: Piranha solution is 

very dangerous, corrosive, and may explode if contained in a closed vessel; it should be handled 

with special care). After 10 min etching, the substrates were thoroughly rinsed with Milli-

Q water. To form a self-assembled monolayer (SAM) of a dithiol linker, a cleaned substrate 

was immersed in absolute ethanol solution containing 1.0 mM 1,6-hexanedithiol (HDT) 

and 10 mM 1-octanethiol (OT) (as diluent during the self-assembly process, to prevent 

forming bridged binding of HDT), with a volume ratio of 1:1, for 20 h. After the self-as-

sembly process, Au sensors were thoroughly rinsed with ethanol and water to remove 

physically adsorbed HDT and OT and then dipped into a solution of gold nanoparticles 

(GNPs) or magnetic nanoparticles (MNPs), for 3.5 h to form a monolayer grid of plas-

monic NPs. The obtained nanoparticle grid was suitable for SERS measurements, as well 

as for the electrochemical characterization. The obtained nanoparticle grid-modified 

Au(111) sensors were washed with deionized water and used for further functionalization 

with protected anticancer drug (pDOX), folate targeting ligand (FTL), and biocompatibil-

ity agent (DOOT). The steps leading to the immobilization of GNPs and MNPs on Au 

substrates and nanoparticles’ functionalization are illustrated in Scheme 1. 

2.3. Doxorubicin loading onto GNP and MNP nanocarriers 
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Since the anticancer drug doxorubicin has a free NH2 group, it can be readily attached 

to the nanocarriers via linkers with carboxyl groups. For Au-coated MNPs and GNPs, the 

use of mercapto-propionic acid (MPA) as the linker is the proper choice. It forms a well-

defined SAM on Au-surface with strong thiolate bonding. Thus, the nano-grid electrodes, 

Au(111)@HDT/MNP and Au(111)@HDT/GNP, were soaked in 10 mM MPA solution for 4 

h to form a linker SAM, followed by thorough washing with distilled water. The surface 

carboxyl groups of MPA were then activated by EDC/NHS coupling in DMSO medium 

for 1 h and subsequently, a 0.5 mg/mL DOX solution in DMSO was added to complete the 

drug binding to the functionalized nanocarrier. After incubating for 4 h, the electrode was 

rinsed with DMSO and 3 times with water and saline phosphate buffer, pH 7.4.   

 

Scheme 1. Construction of SERS-electrochemical sensors for development of targeted drug 

nanocarriers. HDT – hexanedithiol, OT – octanethiol, pDOX – protected thiolated anticancer drug 

doxorubicin, FTL – thiolated folate targeting ligand, DOOT – biocompatibility agent 3,6,-dioxa-

octanethiol. 

2.4. Simultaneous functionalization of nanocarriers with anticancer drug (DOX), targeting 

ligand (FA), and biocompatibility agent (DOOT) 

Simultaneous functionalization of free nanocarriers, as well as the nanocarriers 

bound to nanogrid probes, with anticancer drugs, targeting ligands, and biocompatibility 

agents was carried out using pre-thiolated compounds. Thus, doxorubicin was first cou-

pled with MPA via EDC/NHS amide bond formation, as shown in Scheme 2.  
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Scheme 2. Binding of MPA linker to doxorubicin via EDC/NHS-mediated amide bond formation 

process to protect the active NH2 group of the drug and provide a sulfhydryl moiety needed for 

attaching of the drug to Au-coated MNPs. 

Folic acid targeting ligand, as the second component of the functionalizing solution, 

was obtained by activating FA with EDC/NHS, followed by bonding to cysteamine (CYS). 

The biocompatibility agent, 3,6,-dioxa-octanethiol (DOOT), in concentration 20 µg/mL, 

was used as the third component in the functionalization solution. The nanogrid probes 

were dipped into the functionalization solution with component ratio: pDOX : FTL : 

DOOT = 20:1:1 and incubated for 1 h. The probes were thoroughly rinsed with PBS buffer 

saline pH 7.4. A model MNP-based drug nanocarrier functionalized with pDOX, FTL and 

DOOT is depicted in Scheme 3. 

 

Scheme 3. Magneto-plasmonic nanocarrier with Fe2Ni core and Au shell coated with folate deriva-

tive as the folate targeting ligand (FTL), ethylene glycol derivative (DOOT) as the biocompatibility 

agent, and protected doxorubicin (p-DOX) as the chemotherapeutic drug. 

2.5. Polycrystalline gold disk electrode modification for electrochemical detection 

The modification of polycrystalline solid disk electrode (AuDE) for loading of doxo-

rubicin was similar to that published previously for investigations of the damage to DNA 

caused by chemotherapeutics [18]. Briefly, the gold disk electrode was cleaned, after pol-

ishing with alumina powder (0.05 µm dia.), by potential scanning in a potential window 

between −0.4 and 1.7 V vs. SCE in 0.5 M H2SO4 at scan rate v = 100 mV/s, until the cyclic 

voltammograms for a clean Au electrode were obtained. The electrode was then modified 

with cysteamine HCl (CYS) as a linker for the attachment of graphene oxide (GO) 

nanosheets. The Au electrode was immersed in a 5 mM CYS solution for 30 min. After 

washing with distilled water, the AuDE@CYS electrode was immersed in an aqueous so-

lution of GO with added EDC/NHS coupling agents for 4 h to attach single layer GO 

sheets to the CYS linker by amide bonding with carboxyl groups of GO. The obtained 

AuDE@CYS/GO electrode was then washed in PBS buffer and distilled water. Next, the 

AuDE@CYS/GO electrode was activated with EDC/NHS coupling agents for 4 h. The CYS-
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capped MNPs (or GNPs) were then added to bind these nanoparticles to the 

AuDE/CYS/GO electrode surface. After incubation for 1 h, the electrode was rinsed with 

water and PBS buffer pH 7.4. The obtained AuDE@CYS/GO/MNPs (or 

AuDE@CYS/GO/AuNPs) electrode was then scanned in 0.5 M NaCl solution from 0.7 to 

−1.1 V at a scan rate of 50 mV/s to reduce the GO and form a reduced graphene oxide 

(rGO) film [72]. Thus, the AuDE/CYS/rGO/MNPs and AuDE/CYS/rGO/AuNPs electrodes 

were obtained. They were then loaded with an anticancer drug or mixture of ligands to 

complete the immobilized-nanocarrier functionalization, described in sections above.  

2.6. pH-responsive release of doxorubicin from nanocarriers 

The stimulated drug release from the surface of bound MNPs in 

Au(111)@HDT/MNPs@MPA/DOX sensors was monitored in solutions of different pH: in 

PBS at pH 7.4 and in acetate buffer solutions at pH 6.5, 5.3 and 4.5, using SERS measure-

ments after different release times. The doxorubicin release was also investigated using 

voltammetric methods, CV and DPV, with AuDE@CYS/rGO/MNP@MPA/DOX electrode. 

 

3. Results and Discussion 

In this work, magnetic Fe2Ni@Au nanoparticles (MNPs) were synthesized and func-

tionalized with an anticancer drug doxorubicin (DOX) and folic acid (FA) as the targeting 

ligand. A biocompatibility agent, 3,6-dioxa-octanethiol (DOOT), was also attached to 

MNPs to prevent the organism immunoresponse. The drug loading onto the nanocarriers 

was closely monitored with surface-enhanced RAMAN scattering (SERS) and electro-

chemical relaxation methods: cyclic voltammetry (CV) and differential-pulse voltamme-

try (DPV). The designs of the SERS sensor, formed on a Au(111) substrate, and the elec-

trochemical sensor, formed on a polycrystalline Au-disk electrode (AuDE), are presented 

in Scheme 1. These two types of sensors had the following compositions:  

(1) The SERS sensor, formed on a Au(111) substrate, was coated with a monolayer of mag-

neto-plasmonic nanocarriers, bound to the substrate via a dithiolate linkage (HDT), as 

follows: Au(111)@HDT/MNP@MPA, where the solution side of the MNPs was coated 

with MPA after MNP binding to the substrate. This SERS sensor is called in this work the 

magneto-plasmonic nanogrid Raman sensor (MPR sensor).  

(2) The electrochemical sensor, formed on a polycrystalline Au-disk electrode (AuDE) was 

coated with two structural layers of rGO and MNP grid, and had the composition: 

AuDE@CYS/rGO@PATP/MNP@MPA. The use of the rGO basal layer enabled binding of 

MNPs via PATP linkage and blocking the diffusion of redox probe ions (Fe2+/Fe3+) to the 

AuDE substrate. This electrochemical sensor is called in this work the magneto-plasmonic 

nanogrid rGO disk electrode sensor (MPE sensor).  

These two types of sensor grids have enabled not only to monitor the MNP nanocar-

rier functionalization but also to follow the stimulated drug release transients using solu-

tions simulating the conditions of healthy and cancer cells.  

3.1. Assembling MPR biosensors with drug nanocarrier-mimetic NPs’ grid 

Raman sensors with high SERS amplification for studies of drug nanocarriers’ func-

tionalization and anticancer drug loading and their release were designed on the basis of 

Au(111) substrates modified with a grid of NPs (20-100 nm diameter) serving as a mono-

layer collection of drug nanocarrier-mimetic nanoparticles. Initially, to optimize the SERS 

sensor design, Raman markers were applied. In Figure 1A, SERS spectrum of a Raman 

marker, 5-phenyl-1,3,4-oxadiazole-2-thiol (PODAT), adsorbed on a grid of GNPs bound 

to a Au(111) substrate is presented. The Raman bands at 1609.5 cm-1 and 1569 cm-1 are 

assigned to vibrations of C=N and N=N groups of the adsorbed PODAT molecules, 
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respectively. This evidence indicates that the Raman marker has been successfully at-

tached to the sensor surface using a dithiol linker and GNPs. The intensity of the scattering 

peak at 1609.5 cm-1 was then used for comparison with GNP grids with different NP sizes 

and for different dithiols used for GNP binding, as illustrated in Figure 1B for GNPs of 50 

and 100 nm diameter and two kinds of dithiols: 3,6-dioxa-1,8-octanedithiol and 1,6-hex-

anedithiol. The recorded PODAT signal intensity depends on the surface area of GNPs 

available for Raman marker adsorption and on the plasmonic field enhancement due to 

the overlap of electromagnetic fields in narrow spaces between GNPs. As seen, the highest 

SERS intensity was obtained for 50 nm GNPs and the shorter linker, 1,6-hexanedithiol. 

Therefore, these conditions were utilized in further SERS sensor designs in this work. Sim-

ilar size dependent effects have been found by Toro et al. [73] in studies of AuNP drug 

nanocarriers internalized in pancreas cancer cells.  

 

Figure 1. Testing the effects of different dithiol linkers and GNP sizes, using a Raman marker 5-

phenyl-1,3,4-oxadiazole-2-thiol (PODAT), to optimize the GNP grid-enhanced SERS sensor for 

drug nanocarrier development. (A) SERS spectrum of PODAT adsorbed on a Au(111)/GNP-grid 

electrode surface; the Au(111)/GNP-grid electrode was obtained here by depositing a SAM of 1,6-

hexanedithiol (HDT) on a Au(111) substrate, followed by binding GNPs (50 nm dia.) and adsorb-

ing PODAT on the free surface of GNPs. (B) The effect of different dithiols and GNP size on the 

PODAT peak intensity at 1609 cm-1: (1) 3,6-dioxa-1,8-octanedithiol (DOODT) and 50 nm GNPs, (2) 

HDT and 50 nm GNPs, (3) DOODT and 100 nm GNPs, (4) HDT and 100 nm GNPs. 

3.2. SERS monitoring of doxorubicin loading onto magnetic NP nanocarriers 

The progress of loading of a protected DOX (pDOX) onto a GNPs-modified SERS 

sensor was monitored by recording the Raman spectra associated with loaded pDOX. A 

typical spectrum, presented in Figure 2, revealed several characteristic peaks at 1686 cm-

1, 1645 cm-1, 1396 cm-1, 978.5 cm-1, 1396 cm-1, 3012 cm-1, 3089 cm-1 and 3246 cm-1. These 
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Raman peaks are related to C=C, C=O, aromatic C=C, aromatic C=S, C-H, OH and N-H 

vibrations, respectively. The resulting spectra are in excellent agreement with literature 

data [74-76] and the DOX structure (Scheme 2). This also means that the substrate was 

covered successfully with pDOX. The appearance of peaks at 1645 and 3246 cm-1, corre-

sponding to bending vibrations of CO and NH, indicates that doxorubicin is conjugated 

to GNP via an amide linkage to MPA (Figure 2). 

 

Figure 2. Raman spectrum for a protected anticancer drug doxorubicin (pDOX) bound to model 

GNP nanocarriers immobilized on an MPR SERS biosensor, Au(111)@HDT/GNP50nm@pDOX. 

 

3.3. Electrochemical monitoring of sensor functionalization 

Since the electrochemical analysis is very sensitive and can be readily employed in 

sensing applications [53], we have also carried out measurements using stationary and 

relaxation voltammetric techniques, such as the cyclic voltammetry (CV) and differential 

pulse voltammetry (DPV), for characterization of MNP-modified gold probes. The use of 

electrochemical techniques enables monitoring and confirmation of nanocarrier modifica-

tions [77], as well as the drug loading and release. In these measurements, we have ap-

plied a redox probe Fe2+/Fe3+ able to penetrate surface films and provide the information 

about changes in film permeation due to the surface modification, drug loading, and its 

release. 

In Figure 3A, CV characteristics for a Raman probe undergoing modifications are 

presented. As can be seen, a pair of peaks between 0.1 V and 0.3 V is clearly discernible in 

all CVs. These peaks are attributed to the redox processes of Fe2+/Fe3+ couple. The redox 

peak currents increase from the original height for a bare electrode (curve 1), to that for a 

modified electrode (curve 2), upon the electrode functionalization with a reduced gra-

phene oxide film, AuDE/CYS/rGO. Further increase of peak currents is observed after 

binding GNPs on top of rGO (curve 3).  

Similar experiments were also performed using differential pulse technique (Figure 

3B). The same trend of the peak current increase upon functionalization of the probe with 

rGO and GNPs was observed. However, due to the better discrimination against capaci-

tive current, the analytical signal of DPV can be determined with higher precision. 

These experiments confirm suitability of the electrochemical techniques for monitor-

ing of the Raman probes’ functionalization, including the deposition of MNP and GNP 

grids and graphene oxide films. 
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Figure 3. (A) Cyclic voltammograms for Fe2+/Fe3+ couple recorded using: (1) bare AuDE electrode, 

(2) AuDE/CYS/rGO, (3) AuDE/CYS/rGO/Fe2Ni@Au MPE sensor; scan rate v = 100 mV/s. (B) Differ-

ential pulse voltammograms for Fe2+/Fe3+ on: (1) bare AuDE electrode, (2) AuDE/CYS/rGO, (3) 

AuDE/CYS/rGO/Fe2Ni@Au MPE sensor; conditions: amplitude 0.05 V, pulse width 0.05 V. 

In a similar way, electrochemical relaxation techniques were also tested for monitor-

ing of drug loading onto the nanocarriers. Representative DPV data are shown in Figure 

4B, first four groups of blocks. These experiments indicate that the DPV oxidation current 

of Fe2+ redox probe decreased upon DOX immobilization on the electrode surface, as ex-

pected, due to the increased blocking of the electrode surface, hindering the charge-trans-

fer process, and slowing down the diffusion of redox probe ions through the NP film.  

3.4. Monitoring of pH-induced drug release with SERS-electrochemical sensors 

Testing of magneto-plasmonic nanocarrier grid sensors, MPR and MPE, were per-

formed for sensors functionalized with protected anticancer drug pDOX (Figure 4), as 

well as for multifunctional sensors with model nanocarriers coated with pDOX, folate tar-

geting ligand (FTL), and biocompatibility ligand DOOT (Figure 5). 

The investigations of DOX release have been carried out in solutions with acidities 

lowered below the physiological pH 7.4 to simulate the conditions of cancer cells. In tumor 

tissues, a pH value of 6 or less is readily attained since during the generation of ATP by 

the anaerobic glucose metabolism, with lactic acid formation as a byproduct, a large num-

ber of hydrogen ions is being produced. Even lower pH values, in the range 3.0–5.5, are 

encountered within the cancer cells in acidic intracellular organelles, such as the endo-

somes and lysosomes [26]. Hence, in the simulation of cancer cell conditions, the drug 

release experiments were performed at pH 5.3 and 4.5 (Figure 4). The CVs and DPVs were 

obtained for 2, 4, 6 and 24 hours of DOX release time. 
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In Figure 4B, the anodic peak currents observed in DPV experiments upon the amide 

bond acidolysis and DOX release process are shown. The obtained results indicate that 

the drug release efficacy is the highest during the first 2 hours of the interaction between 

the model MNP@pDOX nanocarriers immobilized on an MPE sensor and solutions, with 

faster release observed for pH 4.5, as expected. During the first 2 hours, 46.2±2.3% of DOX 

was released and around 65.4±2.5% of the drug was released during the first 4 hours of 

release. After 24 h, the DOX release amounted to 84.0±3.1%. 

 

Figure 4. (A) Raman spectra for a protected anticancer drug doxorubicin (pDOX) adsorbed on 

model magneto-plasmonic nanocarriers (Fe2Ni@Au), immobilized on an MPR sensor: (1) blank 

sensor without any modification, (2) after incubation with pDOX, (3) after 4 h of drug release (pH 

5.3). (B) DPV peak currents for the redox probe Fe2+/Fe3+ at a AuDE@CYS/rGO/MNP/pDOX elec-

trode during the DOX release time, up to 24 h, at pH 5.3 (blue columns) and 4.5 (red columns). 

The release of drugs from pH-responsive nanocarriers is here due to the acidolysis of 

amide bonds. The mechanism of this process has been thoroughly studied by Szostak et 

al. [78] and recently discussed by Running et al. [42] for amide-bonded dabrafenib utilized 

in nanocarrier-based drug delivery system for melanoma treatment. The effects of electron 

withdrawing properties of acid and amine substituents in asymmetric amides and amide 

bond twisting were indicated as amide bond weakening factors of this otherwise stable 

binding. Thus, amides may hydrolyze in aqueous acidic solutions (pH≤ 6) releasing to the 

solution the amine fragment (DOX) [69].  

3.5. Doxorubicin delivery using pegylated nanocarriers with targeting folate ligands 

To achieve targeted delivery, the surface of MNPs was further modified with folic 

acid (FA). The MNPs functionalized with thiolated folate ligands (FTL) in their shells can 

recognize folate-receptors overexpressed in membranes of cancer cells. Binding of MNPs 
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by FA-receptors is followed by endocytosis and induced drug release in cytosol. The lig-

ands improving nanocarrier's biocompatibility were also attached to the MNP surface. We 

have found it convenient to utilize 3,6-dioxa-octanethiol (DOOT) for this purpose. The 

drug release from MNP@(pDOX,FTL,DOOT) nanocarriers was investigated using SERS 

in solutions with pH simulating conditions of cancer cells. 

As can be seen in Figure 5, the drug release is not linear in time. At pH 4.5, ca. 

64.2±2.5% of loaded DOX was released from MNP nanocarriers during the first 4 h, and 

77.5±3.1% of loaded DOX was released in a 12 h period. These results indicate that the 

DOX release from the model nanocarriers functionalized with FTL and DOOT is lower 

than that in absence of FTL and DOOT, but the decrease is only within ca. 6.5 % range.  

 

Figure 5. (A) Raman spectra of an MPR sensor with a monolayer of MNPs (Fe2Ni@Au) modified 

with protected doxorubicin (pDOX), thiolated folate ligand (FTL), and biocompatibility ligand 

DOOT, recorded after drug release time trel [h]: (1) 0 h; (2) 2 h; (3) 4 h; (4) 6 h, under simulated can-

cer cell conditions with pH = 5.3. (B) Temporal evolution of DOX release from MNP nanocarriers 

determined from changes of the intensity of Raman scattering peak of DOX at 1651 cm-1 for: (1) pH 

4.5; (2) pH 7.4. 

4. Conclusions 

A new nanoparticle-grid based biosensing platform for developing drug nanocarri-

ers for targeted delivery systems has been designed and tested. The proposed sensor grid, 

consisting of a monolayer of model magnetic gold-coated core-shell Fe2Ni@Au nanopar-

ticles, was functionalized with folic acid targeting ligand, model protected chemothera-

peutic drug doxorubicin (pDOX), and a biocompatibility agent, 3,6,-dioxa-octanethiol 

(DOOT). The dual signal transduction based on electrochemical and enhanced Raman 

scattering detection, employed in the proposed sensor, enabled convenient monitoring of 

DOX loading onto the nanocarriers and its releasing under simulated intracellular condi-

tions. We have demonstrated a pH-dependent release of DOX from drug nanocarriers 

immobilized on the sensor surface, under intracellular low-pH conditions of cancer cells. 
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The enhanced sensitivity of Raman scattering was achieved owing to the overlap of the 

plasmonic fields emanating from the Au-shells of the model drug nanocarriers, creating 

“hot-spots” for Raman signals’ amplification. The proposed nanocarrier grid devices can 

serve for designing and optimization of novel drug nanocarriers for new safe TDD sys-

tems, studied to mitigate adverse side effects and high collateral damage to non-tumor-

igenic cells encountered in classical chemotherapy with systemic drug administration.  
 

Abbreviations:  

AuDE- gold disk electrode; 

CV – cyclic voltammetry; 
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DOOT – biocompatibility agent (3,6,-dioxa-octanethiol); 
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DPV- differential pulse voltammetry; 

EDC - carboxyl activating agent (1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride); 

FA – folic acid; 
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FTL – thiolated folate targeting ligand; 

GNP – gold nanoparticles; 

GO – graphene oxide; 
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MNP – magnetic nanoparticles; 
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