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A B S T R A C T   

Overexpressed heat shock protein 90 (HSP90) has been proven as a new cancer biomarker, and its detection can 
be used as an auxiliary diagnosis. In this research, we designed an electrochemical aptasensor to detect this 
biomarker. Initially, a 3D-printed electrode was designed and produced while the electrode surface (made from a 
conductive carbon black/ polylactic acid (CB-PLA) filament) was improved by CO2 laser ablation. Then, the 
electrode surface was modified with graphene oxide (GO) and an array of frost-like gold nanocrystals (FGNCs); 
the results showed that the final surface covered with gold contained nano/microstructures with a mean width of 
~ 65 nm and a mean length of ~ 509 nm. Also, a significant increase in the electrochemically active surface area 
was observed for modified surfaces with GO and FGNCs. Efficient immobilization of aptamer strands on the gold 
surface could complete the assembly of this aptasensing platform, which could detect analyte molecules in a 
linear range from 0.1 to 200 ng mL− 1. The estimated limit of detection (LOD) and the limit of quantification 
(LOQ) were as low as 0.1 ng mL− 1 and 0.23 ng mL− 1, respectively. The performance of reproducibility (5 times), 
regeneration (5 times), and stability (7 days) were satisfactory (low relative standard deviation (RSD)). Also, this 
aptasensor showed adequate performance for selective and accurate analyte capturing in the presence of 
interfering agents and spiked analyte concentrations in serum samples.   

1. Introduction 

The early detection of cancer significantly enhances the possibilities 
of successful control while enabling the adoption of more potent treat
ment approaches [1,2]. The assay of biomarkers in biofluids can supply 
early diagnosis and rapid directing treatment when the cancer is still in 
its early stages [3]. Also, measuring biomarkers can be helpful in 
follow-up and evaluating anti-tumor immune responses (prognosis) [4, 
5]. Changes in biomarker levels may indicate cancer regression, recur
rence, or response to treatment [1,3]. The advantages of using bio
markers to diagnose cancer include not needing invasive processes such 
as biopsy and surgery and reducing cost and time compared to other 
methods [6–8]. Nevertheless, diagnosing cancer using only biomarkers 
is insufficient and requires additional evaluations such as medical im
aging and histological examination [9,10]. 

Heat shock protein 90 (HSP90) is present in human cells, and its 
concentration increases in blood under stress conditions, which plays a 

vital role in maintaining cell balance and function [11,12]. In cancer 
cells, HSP90 activity is usually increased. This protein can interact with 
other cancer proteins and support them to be combined and strength
ened [13,14]. Indeed, the high level of HSP90 in cancer cells may be due 
to an enhanced need for this protein to maintain the strength and proper 
function of cancer proteins [13,15]. Hence, HSP90 has been investigated 
as a diagnostic biomarker in several cancers, especially ovarian, lung, 
prostate, and hepatocellular carcinoma [16–23]. Clinical results ob
tained from more than 500 healthy individuals confirmed that the 
normal range of HSP90 in the blood is up to 82.06 ng mL − 1 [24]. It is 
conceivable that the monitoring of HSP90 levels by minimally invasive 
tests could allow for the evaluation of the progress of the cancer. Most 
importantly, HSP90 inhibitors under development might be beneficial 
for patients with cancers that present with overexpression of HSP90 
[25]. Approaches such as ELISA, immunohistochemistry, and western 
blotting are commonly used for quantifying HSP90 in biological samples 
derived from cancer [26–28]. However, not all forms of antibodies may 
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be suitable for such assays. Moreover, subjective analysis of results and 
deciding what the numerical values mean requires deep expertise. For 
example, in Western blotting, the specific condition necessary for the 
procedure makes the signal intensity of the band variable, which inev
itably affects the quantification. Interestingly, the number of HSP90 in a 
cell and the amount of HSP90 in tissue may not correlate at all. 

Compared to other biomarker detection methods, electrochemical 
aptasensors work based on molecular interactions between aptamers (as 
specific and high-stable biorecognition elements) and the surface of 
working electrodes assembled to detect biomarkers [29–33]. These short 
sequences are usually composed of ≤100 nucleotides, selected through a 
systematic evolution of ligands by exponential enrichment (SELEX) 
[34–36]. The advantages of electrochemical aptasensors include high 
sensitivity, fast response time, selectivity, stability and reproducibility, 
integration capability, and lower cost than other diagnostic methods 
[30,33,37,38]. For instance, 3D-printed electrodes have many advan
tages and capabilities that make them suitable for developing a new 
generation of electrochemical biosensors [39–42]. 3D-printing tech
nology can produce electrodes with the desired shape and size [43–45]. 
This technology is faster, easier, and more controllable than traditional 
methods of producing electrodes, and these advances reduce costs and 
production time and increase reproducibility [46,47]. 3D-printed elec
trodes can be made from various materials such as polymers, compos
ites, and conductive materials and are designed with desired 
mechanical, electrochemical, and physical properties or integration 
between all [47–49]. In addition, these electrodes can accurately mea
sure biomarkers due to their specific design and flexible fabrication 
capabilities [39,49,50]. 

Surface modification of 3D-printed electrodes using nanomaterials 
such as graphene oxide (GO) and gold has many advantages [39,51,52]. 
The presence of these biocompatible nanomaterials on the surface of 
electrodes increases the electroactive surface area, which gives signal 
amplification and, subsequently, more sensitivity and accuracy in 
detecting analytes [29,39,53,54]. Also, these nanomaterials 
(GO/gold-based) improve the strength and stability of electrodes and 
make them more resistant to possible damage from chemicals and 
external environments. Considering innovations, specific architecture, 
and advantages of 3D-printed electrodes, there is no report about 
developing aptasensors for cancer diagnosis based on these types of 
electrodes. 

Here, we designed and developed a new carbon-based 3D-printed 
electrode with improvements in the manufacturing process, including 
the use of an independent dual extrusion (IDEX) printer, allowing 
sequential printing of the conductive electrode and the isolating body 
with an embedded copper wire terminal to minimize the electrical 
resistance of the connection with the potentiostat. In order to achieve 
the desired final bare 3D-printed electrode surface, a CO2-based laser- 
ablation process was performed after printing. Then, to improve the 
hydrophilicity of the electrode surface in the electrolyte, the surface was 
treated with ethanol. Afterward, the electrode surface was modified 
with GO (via drop-casting) and FGNCs (via electrodeposition). In the 
next step, the accessible electrode surface containing widely distributed 
FGNCs was employed as an optimum substrate for immobilization 
(through interaction between thiol and gold) of thiol-functionalized 
aptamer strands with high affinity against capturing HSP90 molecules. 
This aptasensor provided a new and low-cost quantitative method for 
detecting this cancer biomarker, as demonstrated. 

2. Materials and methods 

All employed materials, reagents, instruments, and relevant methods 
are presented in detail in the Supplementary Material. 

2.1. Architecture of the 3D-printed electrode and principle of detection 

Initially, a new 3D-printed electrode was designed and produced. 

Here, two different filaments were used: one of them was conductive and 
employed to print the working electrode circular area, and the other one 
was a non-conductive filament used to print the body of the electrode 
(Figs. 1A, S1A, B). An IDEX printer has proven to be particularly suit
able, as it meets the need to switch seamlessly between two materials 
with different characteristics. Although this printing process helps to 
solve the problem of having two different materials, the problem of the 
electric contact remains because the electric resistivity of the conductive 
part (CB-PLA) is significantly high (1.15 Ω⋅m). The previous solution 
adopted used a stainless-steel screw as the external electrical contact to 
the electrode [39,51]. Here, the printing process contains two separate 
steps. In the first step, a channel was also printed, which was then used 
to install a copper wire (0.5 mm) as the electrode contact. Afterward, the 
second step of printing was executed (Table S1), thus completing the 
electrode production (Fig. 1A). The use of the copper wire with a 
ring-shaped end embedded in the printed electrode in this design was 
advantageous and intriguing because two aspects: 1) low electrical re
sistivity of this metal (1.68 10− 8 Ω⋅m), which provided the optimum 
conducting path from the electrode to the external electric contact 
(Figs. 1A, S2A-E), and 2) being flexible, copper wire can be easily shaped 
to follow any path designed within the electrode body. Taking into ac
count the resistivity of the materials and the sizes of the electrode and 
the wire connection, the resistance of the conductive CB-PLA is ca. 20, 
000 times higher than the copper contact, which suggests that device 
designs with longer paths for the wire could be considered without 
significant contribution to the total resistance. 

In order to achieve the final bare 3D-printed electrode, several post- 
production treatments were performed (Fig. 1A). The first step was 
polishing with different grits of sandpaper to eliminate unwanted ma
terials and reach a smooth surface. Then, the CO2 laser ablation process 
was performed to improve the electrochemical property of the electrode 
by removing excess and inactive layers of the printed conductive poly
mer [39,55]. Afterward, the electrode surface was washed and dried at 
45 ◦C for 5 min to remove any moisture. In the next step, the surface of 
the electrode was treated with ethanol and then modified with GO and 
FGNCs, respectively (Fig. 1B). The ethanol drip on the electrode had 
three main reasons: 1) Due to its low interfacial tension, it penetrates 
deeply in the pores and helps to washout possible (hydrophobic) con
taminants from the electrode surface; 2) Chemical interaction with the 
carbon materials of the electrode may promote the formation of some 
polar functional groups (e.g., OH); and 3) Improve the hydrophilic 
property of the bare 3D-printed electrode when in contact with the 
aqueous electrolyte solution, enabling the access of reagents by diffusion 
and charge transfer kinetics at the electrode-electrolyte interface, thus 
leading to better overall electrochemical performance. 

Then, the surface of the electrode was modified with drop-casted GO 
and subsequently with electrodeposited FGNCs, as the application of 
these nanomaterials improved the electrochemical properties of the 
electrode significantly, as demonstrated in the morphological and 
electrochemical characterizations presented in Section 3.1. 

Subsequently, the assembly of the aptasensor was promoted through 
the immobilization of 10 µM thiol-functionalized HSP90 RNA aptamer 
(5’-GGGAGACAAGAAUAAACGCUCAAAU
GAUUGCCCAUUCGGUUAUGCUUGCGCUUCCUAAAGAGCUUCGA
CAGGAGGCUCACAACAGGC-3’ [56]) on the electrode surface (Fig. 1C). 
More details about features of the aptamer used are presented in 
Table S2. In addition, the secondary structure of employed HSP90 
aptamer is represented in Fig. S3A. Thiol molecules joined to the 5’ end 
strongly adsorb on the FGNCs, binding the aptamer strands covalently to 
the electrode surface. Finally, non-specific aptamer immobilization was 
blocked by 6-mercapto-1-hexanol (MCH) [57], and a stable and 
well-organized self-assembled monolayer (SAM) was established on the 
electrode surface. The KCl-based electrolyte employed in this research 
contained ferro/ferricyanide (K4Fe(CN)6/K3Fe(CN)6) as the redox 
marker. The presence of aptamer strands (due to the carrying of 
negatively-charged phosphate backbone) on the electrode surface 
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Fig. 1. Designing HSP90 aptasensing platform; constructing and post-production treatments for preparation of the final bare 3D-printed electrode (A): printing the 
first part of the electrode, containing channel (a), temporary stopping the printing process and installing a copper wire as the electrode contact; the extra printed part 
acted as a holder to keep the copper wire in a fixed position during the printing process (b), second step of printing, finalizing the electrode printing (c), polishing 
with different grits sandpapers (d), treating the surface by CO2 laser ablation process (e), washing and mild thermal (45 ◦C) treatment for 5 min (f); surface 
modifications (B): modification with dropped ethanol (g), modification with GO through drop-casting (h), and modification with an array of FGNCs through 
electrodeposition (i); assembly of the aptasensor (C): immobilization of a thiol-functionalized aptamer on the electrode surface (j), treatment with MCH to block 
unwanted aptamer interactions (k), immersing the aptasensor in the electrolyte containing the redox marker (l), aptasensor status in the presence of the redox marker 
and analyte (m), and assay the electrochemical responses through DPV (in the absence of the analyte (pink color) and in presence of the analyte (green color)) (n). 
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produces an electrostatic repulsion to the redox marker anions, 
decreasing DPV peak current compared to the signal recorded before 
aptamer immobilization. Furthermore, when increasing the concentra
tion of analyte molecules (MW 90-kDa), the accessible areas of the 
electrode surface are gradually occupied by this protein, restricting the 
entry of the redox marker ions and consequently attenuating the 

electron transfer process, resulting in a decrease of the DPV peak current 
(signal-off aptasensor) (Fig. 1C). 

Fig. 2. FESEM micrographs of the bare 3D-printed electrode at a magnification of X2000 (A) and X5000 (B); modified electrode with GO at a magnification of X2000 
(C) and X5000 (D); and modified electrode with GO/FGNCs at a magnification of X2000 (E), X10000 (F), X15000 (G), and X20000 (H); EDS analysis for the bare 3D- 
printed electrode (I), for the modified electrode with GO (J), and the modified electrode with GO/FGNCs (K); and the chronoamperogram related to electrodeposition 
of FGNCs on the electrode surface (deposition potential: 0 V and time: 250 s) (L). 
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3. Results and discussion 

3.1. Characterizations of 3D-printed electrodes with different surfaces 

3.1.1. Field emission scanning electron microscopy (FESEM), energy 
dispersive spectroscopy (EDS), and electrodeposition characterizations 

FESEM analysis of the bare electrode surface with different magni
fications showed a homogenous and regular distribution of carbon- 
based areas treated by CO2 laser ablation (Fig. 2A and B). Porous car
bon materials have a large surface area due to their intricate pore 

structure, and the bare electrode surface was susceptible to being 
modified with GO 2D sheets (Fig. 2C and D). The presence of several 
functional groups related to GO and improved structural integrity are 
some advantages of electrode surface modification with GO. Apparently, 
the porous areas of the electrode modified with GO decreased signifi
cantly (Fig. 2C and D), as if the electrode surface was coated with a thin 
and relatively uniform layer of GO sheets that could have partially 
penetrated, filled, and masked the underlying micropores of in the 
carbon substrate. The high electrical conductivity of GO also favored the 
subsequent modification by electrodeposition of FGNCs, for which 

Fig. 3. CVs recorded in scan rate: 100 mV s− 1 for three electrode surfaces (A); ΔEp and ip,a obtained from CVs in the same condition (B); EIS results for three electrode 
surfaces and also for aptasensor and aptasensor bound with a typical concentration (10 ng mL− 1) of analyte; inset: EIS results in the absence of related data to the 
bare electrode and also the equivalent circuit most compatible with EIS data (C); DPVs recorded in the presence of different concentrations of HSP90 (D), and the 
calibration curve related to the logarithm of HSP90 concentrations (X-axis) and DPVs peak currents (Y-axis) (E); The error bars correspond to the SDs derived from 
three sets of repeated measurements (error bars: SD/ n=3). 
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surface micrographs were presented with different magnifications 
(Fig. 2E-H). The optimized electrodeposition conditions ([Au3+]: 
15 mM, potential: 0 V vs. Ag/AgCl and time: 250 s; Fig. 2L) and the 
presence of N, N-dimethylformamide (DMF) were the main reasons for 
growing of homogenous FGNCs on the electrode surface with mean 
width and length of approximately 65 nm and 509 nm, respectively 
(Fig. S4A, B). Using DMF improved the solubility of HAuCl4 in the 
synthesis solution [58]. As a polar and stabilizing agent, DMF provided a 
homogeneous distribution of FGNCs on the electrode surface [59,60]. In 
addition, DMF acted as a structure-directing agent and influenced the 
growth, size, and morphology of synthesized gold nanoarray. The 
controlled synthesis, specific morphology, and homogenized distribu
tion of FGNCs provided an optimum surface for interaction with 
thiol-functionalized aptamer strands (biorecognition element). 

Fig. 2I, J, and K show the EDS analysis for different electrode surfaces 
(bare, modified with GO, and modified with GO/FGNCs). This assay was 
performed to characterize the chemical composition of materials for 
each electrode surface. In summary, Fig. 2I shows that the bare 3D- 
printed electrode was made mainly from carbon with weight of 98.8% 
and atom distribution of 99.6%. For the modified surface with GO, the 
EDS analysis presented in Fig. 2J, related values enhanced slightly 
(carbon weight of 99.3% and atom distribution of 99.8%.). In addition, 
the EDS analysis for the surface modified with GO/FGNCs showed that 
the gold weight and related atom distributions were 98.7% and 82.3%, 
respectively (Fig. 2K). In Table S3, more details about the EDS analysis 
are provided. 

3.1.2. Electrochemical characterizations 
The cyclic voltammograms (CVs) reversibility during the electron 

transfer at the electrode/solution interface was evaluated to estimate the 
advance in the electrochemically active area found after surface modi
fications mainly by CO2 laser ablation, GO drop casting, and FGNCs 
electrodeposition. Scanning the circular area of printed conductive 
thermoplastic material with the laser promotes preferential thermal 
ablation of the polymer from the upper layers by the formation of vol
atile compounds, leaving behind and exposing much of the conductive 
carbon black and giving rise to the rough morphology as mentioned 
already (Fig. 2A and B). Typical CVs of the redox couple 0.5 mM [Fe 
(CN)6]4-/ 0.5 mM [Fe(CN)6]3- in 0.5 M KCl electrolyte for a 3D-printed 
electrode activated by laser ablation presented well-developed anodic 
and cathodic waves whose peak potentials (Ep,a and Ep,c) were separated 
by ΔEp values increasing from circa 74–95 mV for scan rates (ν), rising 
from 2 to 200 mV s− 1 in 12 increments, with an E1/2 (≈E0’) remaining 
constant at 0.252±0.0014 V vs. Ag/Ag.Cl/KCl (3.5 M) (Figs. 3A-B and 
S5A). Drop casting of GO on the bare 3D-printed electrode and, even 
more so, electrodeposition of FGNCs improved the ΔEp values and 
maintained the E1/2 of 0.253±0.0035 V (n=36). For instance, CVs at ν of 
100 mV s− 1 presented ΔEp of 86 mV, 73 mV, and 56 mV, respectively 
(Fig. 3A-B), for three electrode surface statuses, denoting a transition 
from a quasi-reversible to a reversible electrode process (at least up to 
200 mV s− 1), once the expected ΔEp for a reversible heterogeneous 
single electron transfer process is ≈57.5 mV (at 25◦C, assuming linear 
semi-infinite diffusion) (Fig. S5A-C) [61]. 

The rate constants (k0) of the [Fe(CN)6]4-/3- redox process, involving 
the heterogeneous transfer of one electron, were estimated based on 
Nicholson’s method. The required dimensionless kinetic parameter Ψ 
was calculated using the equation presented by Lavagnini et al. [62]. 
The mean k0 values over the ν range of 100–200 mV s− 1 (n = 5) were: 
0.0089±0.0003, 0.013±0.003, and 0.056±0.018 cm s− 1 respectively 
for three electrode surfaces in the order given before. The enhancement 
of k0 reflects greater availability of active sites due to factors like the 
changeover from amorphous carbon to GO and to gold (FGNCs) as well 
as the increase in the electrochemically active area (as will be shown 
next), allowing fast enough electron transference to run the process 
under mass transport control, i.e., governed by diffusion of [Fe(CN)6]4- 

and [Fe(CN)6]3- to/from the electrode at least for ν≤200 mV s− 1. 

Here, a classical CV analysis was applied to the data based on the 
linearity and slopes of the anodic and cathodic peak currents (ip,a and ip, 

c) against ν1/2. In agreement with the Randles-Ševčík equation [63], the 
anodic peak currents at 12 scan rates in the range from 2 to 200 mV s− 1 

resulted in straight lines vs. ν1/2 with nearly null intercept and R2>0.995 
(Fig. S5A-C), presenting the slopes of 3.76±0.05, 6.78±0.08, and 12.6 
±0.3 μA mV− 1/2 s1/2 respectively for the bare, modified with GO and 
modified with GO/FGNCs electrodes. The linearity of the cathodic 
counterparts’ plots was not the best (R2≥0.990), and the resulting |ip,a 
/-ip,c| ratios were 1.14±0.04, 1.15±0.02, and 1.40±0.04 μA mV− 1/2 s1/2, 
respectively. Considering the Randles-Ševčík equation and the geomet
rical (projected) area achieved from 3D-printed electrodes (⌀: 5 mm, 
0.196 cm2), the apparent electroactive surface areas for the bare, 
modified with GO, and GO/FGNCs electrodes were about 0.18, 0.31, and 
0.50 cm2, respectively. Using these areas and considering the redox 
probe concentration (1 mM), at ν of 100 mV s− 1, the mean current 
density for the three mentioned electrode surfaces was about 214 
±5 µA⋅cm⁻2. Several other analyses were performed on CV data 
(including two more alternatives to estimate the electroactive surface 
area of the electrode), which have been presented and discussed in the 
Supplementary material and Figs. S5–6. In short, significant increases 
were found in the effective area of the 3D-printed electrodes after 
modification with GO and, even more, after electrodeposition of FGNCs, 
and, in comparison with conventional (expensive) solid gold disk elec
trodes polished with 1 μm abrasive, the accessible area for electroana
lytical purposes, doubles, in rounded numbers. These comparative 
advantages are reinforced by the relative simplicity and quickness of the 
3D printing, laser ablation, GO drop-casting, FGNCs electrodeposition 
for serial production, and low cost, with only 0.5 mg cm− 2 of gold 
consumed. 

The EIS analysis for all electrodes confirms that a loop in high fre
quencies occurred more intensely as components were added to the 
modified surfaces, suggesting that it might be associated with materials 
poorly adsorbed of the electrode surface being leached to the solution 
when a high-frequency oscillating potential is applied. As it affects both 
imaginary (Z”) and real impedances (Z’), it can be associated with 
desorption processes affecting both double electric layer organization 
and the approximation of the electrochemical redox probe towards the 
electrode surface. The loops led to poorly adjusted equivalent circuits to 
the EIS spectra, and, therefore, we took a graphic analysis approach to 
provide a more accurate interpretation of the obtained spectra (Fig. 3C). 
The EIS spectrum obtained for the bare 3D-printed electrode within the 
range 100 kHz to 0.1 Hz present a semi-circle in high to mid-range 
frequencies that can be associated with the charge transfer resistance 
(RCT) of the electrochemical probe. Within that range, the Randles 
circuit associated in series with a CPE simulating the Warburg imped
ance presented good fitting with an estimated RCT = 277 Ω. However, 
for all modified electrodes, the very poorly defined or even absent semi- 
circle in the Nyquist plot evinces the electron charge transfer improve
ment by the surface modification with both GO and FGNCs which is 
corroborated by the log Z’(Ω) vs. log frequency (Hz) plot (Fig. 3C). As 
real impedance (Z’) is associated with faradaic processes in the system, 
the modification with both GO and FGNCs suppress the drastic increase 
in the resistance values observed for the bare 3D-printed electrode curve 
associated with the semi-circle in the Nyquist plot, which means a 
drastic reduction in the RCT. This hypothesis is supported by the low 
phase angle magnitude of all modified electrodes compared to the bare 
3D-printed electrode (Fig. S7A). In more detail, the phase angle shifts 
occur when the system reactance builds up once a capacitor is 
completely charged. In the electrochemical cell and before the phase 
angle shift, the only impedance observed within the system is the so
lution resistance (Rs). As frequency decreases, the increased time of the 
oscillating potential applied charges the electric double layer to its 
maximum value defined by its capacitance (Cdl). The results confirmed 
that once a capacitor, e.g., double electric layer, is fully charged, it 
generates an impedance (Z”) to current flow, associated with a capacitor 
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reactance and exponentially increases. This growth is reflected by the 
increase in the phase angle magnitude and the appearance of a peak in 
the plot Z” vs. log frequency (Fig.S7B). In addition, other findings 
confirmed that once the imaginary impedance (Z”) reaches half of the 
RCT value, the current starts to flow in phase as the phase angle de
creases, and the real impedance starts to increase (Fig.S7C) [64]. 

Therefore, increased RCT values enhance the phase angle values up 
to 90º due to the slower transition of a capacitive behavior to a resistive 
behavior in the electrochemical system. When RCT is very low, the 
transition to the resistive behavior is fast as current freely flows in phase 
through the electrode surface. Here, the modified electrode with GO/ 
FGNCs presented the fastest charge transfer as no phase angle shift was 
observed, and the resistance solution was the higher resistance through 
current flow in the system [64]. When the aptamer and analyte were 
added, there was a small increase in the phase angle shift, which can be 
associated with a small increase in charge transfer resistance and con
firming the trapping of both aptamer and analyte on the electrode sur
face (Fig.S7D). 

From that point, the diffusional mass transport limits the charge 
transfer at the electrode surface, and the electrode capacitance starts to 
become relevant as the |Z| in the Bode as a phase angle tends to 45º [64, 
65]. The same behavior was observed for the aptasensor and aptasensor 
bound with analyte statuses. In addition, the CVs obtained for the 
modified electrodes corroborate the hypothesis, as significant current 
increases were observed after modifications with GO and FGNCs. 

3.2. Electroanalytical aptasensing of HSP90 

The developed aptasensor was employed to detect various analyte 
concentrations, and results confirmed that this platform could detect the 
analyte linearly, ranging from 0.1 to 200 ng mL− 1. It should be noted 
that the optimum aptamer immobilization time on the electrode surface 
and the optimum time for binding with analyte molecules were deter
mined in other experiments, with detailed procedures presented in the 
Supplementary Material and related results provided in Fig. S8A-C. 
Fig. 3D shows DPVs recorded in a three-electrode system (the modified 
electrode with GO/FGNCs as the working, a platinum wire as the 
counter, and an Ag/Ag.Cl as the reference electrodes) immersed in the 
electrolyte solution with the redox marker. The blank signal (apta
sensor) DPV peak current was ~191 µA, and the DPV peak currents 
related to the minimum and maximum concentrations were 185.21 µA 
and 102.25 µA, respectively. Fig. 3E shows the calibration plot obtained 
from the relation between the logarithmic range of analyte concentra
tions versus DPV peak currents. The obtained linear regression was (Ip)/ 
µA = - 25.95 log C HSP90 + 164.1, R2 = 0.990, and the estimated LOD 
and LOQ were 0.1 ng mL− 1 and 0.23 ng mL− 1, respectively. LOD was 
calculated based on 3σ/S and LOQ based on 10 σ/S (σ: standard devi
ation (SD) of aptasensor and S: slope of calibration plot) (S/N = 3). 

Until now, biosensing platforms for detecting HSP90 have not 
developed significantly, and the literature presents just one electro
chemical immunosensor for this biomarker [66]. In the cited study, an 
immunosensor was designed on a glassy carbon electrode modified with 
graphite-like g-C3N4-F127-Au nanosheets. Based on the interaction be
tween Au and the amino group of the antibody, the immunosensor was 
established, and it could detect the analyte via linear sweep voltam
metry in a linear range from 3.5 μg mL− 1 to 2.43 mg mL− 1 with a LOD of 
2.67 μg mL− 1 [66]. These limits were significantly improved in the 
present work. 

3.3. Performance of HSP90 aptasensor 

3.3.1. Repeatability 
The repeatability of the aptasensor was evaluated by repeating the 

assembly of the aptasensor in the same condition five times. Hence, the 
first aptasensor was built, and related DPV was recorded. Then, to reset 
the surface, it was submerged in a piranha solution for 20 s, and all 

organic materials (aptamer and MCH) were removed. However, the 
outset layer of the electrode (modified surface with FGNCs) remained 
unchanged, and it was ready for the next aptamer immobilization. It 
should be noted that the presence of FGNCs also acted as a shielding 
agent against damaging GO sheets in interaction with the piranha so
lution. This cycle was repeated continuously in sequence, and the results 
showed that the DPVs peak current for five times assay was almost 
repeatable with RSD of about 1.20% (Figs. 4A and S9A). 

3.3.2. Regeneration 
This experiment was performed five times following the sequence: 

aptasensor preparation; DPV recording; bounding with the typical 
concentration of the analyte (10 ng mL− 1); DPV recording; debounding 
of the analyte by change of the conformation of aptamer strands during 
aptasensor immersion in hot water (95 ◦C for 5 min) [67]. The peak 
currents for the five couples of DPVs recorded after five cycles presented 
RSDs of 1.38% and 1.44%, respectively, for the bound and debound 
statuses, confirming a satisfactory performance (Figs. 4B and S9B). 

3.3.3. Stability 
The stability of the aptasensor was evaluated by an aptasensor bound 

with the typical concentration of the analyte (10 ng mL− 1), and its 
performance was monitored for 13 days. The assay was performed for 
days 1, 3, 5, 7, 10, 12, and 13. After recording each DPV, the aptasensor 
was refrigerated in a 20 mM tris(hydroxymethyl)aminomethane-HCl 
buffer, pH 7.4, for the following assays. The results showed that the 
DPVs peak current decrement for other days compared to the first day 
were 0.68%, 1.45%, 2.80%, 10.4%, 14.0%, and 21.0%, respectively 
(Fig. 4C and Fig. S9C). The aptasensor maintained almost the initial 
performance for one week (DPV peak current decrement: 2.8%, ΔI =
3.91 µA) with a negligible performance decrease. 

3.3.4. Selectivity 
This experiment was performed to analyze the selectivity perfor

mance of the aptasensor in the presence of several accessible proteins in 
biofluids, including HSP70, Hb, and HSA. In addition, the performance 
of the aptasensor was assessed in the presence of mixtures of mentioned 
interferences. Here, four aptasensors were prepared and exposed to 
concentrations of HSP90, including 0.1 ng mL− 1 and 10 ng mL− 1, while 
the interferent concentrations were 0.1 ng mL− 1 and 100 ng mL− 1. For 
the last group, mixtures of interferents were considered (mixture A: 
10 ng mL− 1 of all interferences, mixture B: 100 ng mL− 1 of all in
terferences, and mixture C: 100 ng mL− 1 of all inter
ferences+10 ng mL− 1 of HSP90). The ΔI values related to DPVs peak 
current used to present the effect of the interference compared to the 
blank signal (aptasensor), showing minimum ΔI (almost 0 µA (SD: 
0.8 µA) for 0.1 ng mL− 1 HSP70) and maximum ΔI (66.2 µA (SD: 2.7 µA) 
for mixture C). The minimum interfering effect of HSP70 may be due to 
different secondary structures of aptamer fits to detect this protein 
compared to the aptamer used for detecting HSP90 (Fig. S3 and recently 
developed HSP70 aptasensors [68,69]). It should be noted that the 
maximum ΔI found for mixture C (66.2 µA (SD: 2.7 µA)) was negligible 
compared to the ΔI found for 10 ng mL− 1 HSP90 in this group (54.34 µA 
(SD: 0.96 µA)), confirming a selective aptasensing performance in 
detecting analyte molecules with high affinity (Figs. 4D and S10A-D). 

3.3.5. Real sample application 
The reliability application of aptasensor was evaluated for various 

concentrations of HSP90 spiked in six human serum samples (Table 1). 
The results showed that the found recovery RSD was about 7.3%, pre
senting an almost accurate assay for detecting the analyte in real serum 
samples. 

4. Conclusion 

Cancer monitoring using aptasensors is a perspective for developing 
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portable and accurate diagnostic tools. Optimized aptasensors can pro
vide an accurate and rapid diagnosis by quantifying meager amounts of 
cancer biomarkers. Here, we designed and produced a 3D-printed 
electrode as a suitable substrate for hosting HSP90 aptamer strands 
after laser treatment and modifications with GO and FGNCs. This 3D- 
printed electrode has several advantages over other commercial elec
trodes and offers many options for surface treatments and modification, 
including CO2 laser ablation, which is incompatible with commercial 
ones. In addition, minimizing the IR drops of voltage inside the 3D- 
printed electrode is a noteworthy achievement. Here, the device was 
designed with a copper wire path from the electrode to the external 
contact, featuring a much lower resistivity than any plausible track 
printed with CB-PLA. An additional advantage is the cost savings, with 
the cost of materials for producing each 3D-printed electrode estimated 
at less than US$ 0.10. The intended aptasensor by this electrode was able 
to provide a sensitive diagnosis with a wide detection range and a low 
LOD. Also, the performance of this aptasensor provided satisfactory 
figures of merit (reproducibility, regeneration, and stability). While this 
aptasensor showed satisfactory results, however, there are several 
shortcomings in this research. For example, ensuring the reproducibility 
of 3D-printed electrodes is always challenging due to optimizations in 
printing parameters and material properties. 3D-printed electrodes 
usually have rough surfaces, which may affect the electrochemical 

behaviors of the surface and make it difficult to calculate the exact 
electroactive surface area. Another issue should be noted: the HSP90 is 
not a specific cancer biomarker, but the determination of this biomarker 
can be helpful as a cancer biomarker. Future developments can consider 
reduced electrode size, producing some parts of the electrodes with 
other methods, modification with other nanomaterials, integration with 
biomolecular techniques, and development of more advanced bio
sensing platforms such as sandwich assembly. 
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