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a b s t r a c t 

The field of biomedical small-scale swimmers has made major progress during the last two decades. 

While their locomotion aspects and functionalities have been demonstrated, there are key aspects that 

have been often overlooked such as their service live durability, which difficult their translation to the 

clinics. Several swimmers consist of combinations of metals and alloys that, while they excel in their 

functionalities, they fail in their stability due to corrosion in highly aggressive complex body fluids. Here, 

for the first time the corrosion mechanism of a widely employed design in magnetic microrobots, a gold- 

coated magnetic NiCo alloy, is assessed. A systematic approach by combining electrochemical and surface 

analysis techniques is reported, which shed light on the degradation mechanisms of these systems in 

simulated body fluids. While results demonstrate that Au coatings remarkably enhance the surface nobil- 

ity and resistance to corrosion/biodegradation of NiCo in an aggressive environment containing albumin 

protein, Au coatings’ intrinsic defects lead to a galvanic coupling with the NiCo substrate. The coordina- 

tion of protein with NiCo further accelerates corrosion causing morphological changes to the swimmers’ 

surface. Yet, the formation of a phosphate-based layer acts as a barrier to the metal release after long 

immersion periods. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Small-scale swimmers, which comprise motors and robots, are 

iny machines capable of moving and operating at the micro- and 

ano realms. These motile micro- and nanodevices have been pro- 

osed for a large variety of applications including manufacturing, 

aterial removal, environmental remediation, targeted drug deliv- 

ry, nanosurgery, and isolation of biological targets [1-4] . 

The controlled locomotion of small-scale swimmers in liq- 

id environments has been the object of study for at least two 

ecades, as motion at low Reynolds numbers requires the exe- 

ution of non-reciprocal motions for achieving translational dis- 

lacement (at least for Newtonian fluids) [5] . To this end, re- 

earchers have investigated several strategies to provide the energy 

ecessary for the motion of micro- and nanostructures [ 6 , 7 ]. Ef-
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orts have been made to develop tiny machines that can display 

ne or more locomotion mechanisms including tumbling, rolling, 

orkscrewing, crawling, shuttling, and contraction [8] . Two main 

pproaches exist for providing a driving force necessary for the 

otion of small-scale swimmers. In the first, the micro- or nanos- 

ructure acts as a platform for triggering a chemical or an electro- 

hemical reaction, which results in the propulsion of the structure. 

hese reactions take place on the swimmer’s surface, which serves 

s a reactant or as a catalyst for the transformation of the chemi- 

al species present in the surrounding media [ 9 , 10 ]. In this situa-

ion, swimmers are motors (not robots) because their directional- 

ty and speed cannot be controlled. The second approach consists 

f using small-scale structures that are responsive to an external 

ource of energy, such as magnetic or electric fields, ultrasound, 

ight or combinations of these, which causes the structure to move 

 7 , 11 ]. The swimmers that are controlled by external sources of 

nergy are known as robots, because their speed and directionality 

an be externally controlled by tuning the energy of the source. In 

oth approaches, not only the components but also their geometry 

re key for their optimal motion or manipulation [12] . However, 
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s swimmers are ultimately designed for the realization of tasks, 

t might be necessary to incorporate additional components in the 

nal swimmer architecture [3] . 

Arguably, the use of external magnetic fields is one of the most 

ersatile approaches for the manipulation of magnetic micro- and 

anorobots, as a wide variety of swimming mechanisms can be 

chieved by changing the way magnetic fields are applied (i.e. ro- 

ating, oscillating, gradients or combinations thereof) [13] . Addi- 

ionally, considering that some of the most sought applications are 

n the biomedical area, magnetic fields are suitable for biomed- 

cal purposes owing to their high biocompatibility characteris- 

ics towards biological tissues [ 13 , 14 ]. Most magnetic micro- and 

anorobots are fabricated of ferro- and ferrimagnetic metals, al- 

oys or ceramic oxides containing at least one of the following el- 

ments: Fe, Ni, and Co [ 13 , 15 , 16 ]. Note that the manipulation of

iamagnetic and paramagnetic small-scale robots has also been in- 

estigated, but examples are few in comparison to ferro- and fer- 

imagnetic devices. Magnetic micro- and nanorobots can be pro- 

uced using different techniques such as physical vapour deposi- 

ion (PVD), three-dimensional direct laser writing (TDLW), assem- 

ly of materials, and template-assisted electrodeposition [12] . The 

atest has attracted many researchers as it is a low-cost method 

hat does not require special equipment and allows the formation 

f several micro- and nanoarchitectures made of different materi- 

ls ranging from metals to polymers [ 12 , 17-19 ]. 

In terms of motion and processability, ferromagnetic metals and 

lloys are very attractive for the construction of magnetic micro- 

nd nanorobots [20] . Additionally, these materials exhibit opti- 

al properties for magnetic manipulation, such as high saturation 

agnetization and high magnetic susceptibility. Furthermore, their 

agnetic softness/hardness can be modulated by tailoring their 

rystal structure and/or by alloying with other magnetic and non- 

agnetic elements [21] . Unfortunately, most ferromagnetic metals 

nd alloys degrade, especially when they are in contact with flu- 

ds, which can result in the release of toxic ions into the surround- 

ng media [ 22 , 23 ]. amongst the three ferromagnetic elements of 

he periodic table, Fe is the only one that displays biocompati- 

le characteristics as most of the surrounding tissues can uptake 

ron ions via transferrin [24] . While iron is highly prone to degrade 

nd can be remediated by the body, iron can also be cytotoxic to 

ertain cells, such as the retinal tissue [25] . Other alloys, such as 

iCo, present a good corrosion resistance in different environments 

hanks to their ability to create a stable passive film. However, me- 

ia such as biological fluids can result in their slow degradation 

nd the release of metal ions, which can accumulate in cells and 

issues and ultimately affect the human immune system [26] . Fi- 

ally, degradation of ferromagnetic materials also implies a dete- 

ioration of their magnetic and mechanical properties, which can 

everely impair their swimming performance, speed, and control- 

ability. 

Considering all these facts, magnetic small-scale robots can be 

esigned as fully degradable, or composed of an inert part that 

revents any deleterious effect to the performance of the device 

r to the surrounding environment. If designed in a degradable 

orm, swimmers must contain metals that exhibit biocompatibil- 

ty characteristics (i.e. non-toxic, non-carcinogenic, non-allergenic, 

nd non-inflammatory) [ 27 , 28 ]. Additionally, the biodegradability 

hould be programmed so that swimmers have a sufficient life- 

ime to perform the tasks for which they are designed [29] . Combi- 

ations of magnetic iron or iron-based alloys containing elements 

uch as Zn, Mn, or additional layers containing these elements, are 

uitable candidates for biodegradable swimmers. If swimmers are 

omposed of magnetic parts containing toxic elements (i.e.: Ni, Co), 

rotective films against their degradation in the specific working 

nvironment should be incorporated. Inert metals, such as Au, Pt, 

g or metals exhibiting a passive behavior like Ti, are appropriate 
2 
or building non-degradable magnetic swimmers. Surface protec- 

ion can improve the biocompatibility characteristics of magnetic 

wimmers and limit the release of toxic ions from magnetic com- 

onents [ 9 , 18 ]. For example, noble metals or oxides with insu- 

ating properties are a widely adopted option for preventing the 

etal ion release process [ 30 , 31 ]. However, from the corrosion 

oint of view, the small dimensions of micro- and nanorobotic ar- 

hitectures and the complexity of the human body environment 

interaction with proteins, cells, and tissues) should be carefully 

onsidered [32-34] . The presence of micro- or nanoscale defects in 

rotective coatings, which could be considered negligible in large 

cale components, can become dramatically relevant at the micro- 

nd nanoscale dimensions. Specially, the galvanic coupling of met- 

ls with a marked difference in nobility can become significantly 

xacerbated in small-scale swimmers composed of different metal 

egments, or on those metallic designs coaxially coated by other 

etals or alloys [ 33 , 35 ]. 

Corrosion can have a dramatic impact on small-scale swimmers. 

o date there are only a few works that have addressed the corro- 

ion phenomena on micro- or nano-devices [ 30 , 33 , 34 ]. However,

orrosion has been studied with indirect methods, such as mor- 

hological analyses, to observe the degradation after a certain pe- 

iod of immersion in the corrosive fluid [ 30 , 34 ], chemical analyses

f the corrosive media to measure ions release [ 33 , 34 ], or through

he deterioration of the performances [30] . 

In this work, we give an insight into the degradation mech- 

nisms of magnetic microrobots consisting of NiCo micropillars 

NiCo-MPs), both uncoated and Au-coated, in simulated human 

ody fluids, using both electrochemical and surface analysis tech- 

iques for the first time. NiCo alloys have been widely used for 

mall-scale robotic designs due to their superior mechanical prop- 

rties as well as their optimal soft magnetic features. However, the 

egradation mechanisms of NiCo alloys in protein-containing bio- 

ogical fluids has not been thoroughly investigated [36] , as these 

lloys are not commonly used as implants. Yet, both Ni and Co 

re common elements in most of the widely used metallic bioma- 

erials, such as AISI 316 stainless steel and CoCrMo alloys. Differ- 

nt studies have evaluated the corrosion resistance of these alloys 

s well as of Ti6Al4V in a variety of simulating body fluids [37] ,

uch as 0.9% NaCl, phosphate buffer solution (PBS), Hanks’ and 

inger’s solutions. Phosphate species (H 2 PO 4 
−/HPO 4 

2 −) in physi- 

logical body fluids play a critical role in the corrosion resistance 

ehavior of implanted metallic biomaterials due to the formation 

f a phosphate thin film on the material surface [38] . A recent 

tudy comparing the effect of different solutions on the protein ab- 

orption on Ti6Al4V [39] indicated that the phosphate film formed 

n PBS solution is thicker in comparison to that formed in Hanks’ 

olution. 

The effect of proteins such as bovine serum albumin (BSA), hu- 

an serum albumin (HSA) on the degradation of different passive 

etals such as CoCrMo [40-42] , Ti6Al4V [ 39 , 43-45 ] and AISI 316 L

S [46-48] has also been investigated. The impact of protein on the 

orrosion of passive alloys and the metal ions release in body flu- 

ds is determining [49] . For instance, it has been reported that the 

lbumin protein can accelerate the anodic dissolution and suppress 

he cathodic reactions of SS 316 L (Low carbon) 0.9% NaCl solution 

48] . Another study reports that the presence of BSA or lysozyme 

n PBS solution increases the Fe, Cr, Ni and Mn release from stain- 

ess steels (AISI 304, 310 and 316 L) reducing their corrosion re- 

istance [47] . The same effect has been reported for CoCrMo alloy, 

here the presence of BSA in PBS solution affects the passivation 

inetics hindering the formation of a passive film (when the alloy 

s anodically polarized) during long passivation times [40] . SKPFM 

tudies on Ti6Al4V alloy in different body fluid simulating solu- 

ions in presence of BSA, demonstrated that the BSA molecules 

ompete with the phosphate species to the formation of an ab- 



E. Rahimi, R. Offoiach, S. Deng et al. Applied Materials Today 24 (2021) 101135 

Fig. 1. A schematic representation of the NiCo and NiCo/Au-MP fabrication process, (a) organic membrane template (MT) with 1 μm pore diameter and 100 μm length, 

(b) Physical vapour deposition of Au on one side of the MT, (c) NiCo electrodeposition within the pores, (d) Detachment of the formed NiCo-MP by dissolving the MT, (e) 

Dissolving of the PVD Au coated layer, (f) Au thin layer coated on NiCo-MP by electroless deposition. 
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orbed film on the passive film accelerating the degradation pro- 

esses [ 39 , 45 ]. Similar effects could be expected on NiCo alloys.

ecause of their potential cytotoxicity, small-scale robots made of 

hese alloys are usually coated with Au. 

However, the presence of defects on small-scale structures 

an accelerate their corrosion by galvanic coupling. To under- 

tand the role of defects in the degradation of microscale struc- 

ures, the corrosion resistance and corrosion mechanisms, both un- 

oated and Au-coated magnetic microstructures were tested af- 

er short and long-time immersion in phosphate-buffered saline 

PBS) solution with and without the addition of bovine serum al- 

umin (BSA) protein. A combination of large-scale electrochemi- 

al techniques, field-emission scanning electron microscopy (FE- 

EM), atomic force microscopy (AFM), and scanning Kelvin probe 

orce microscopy (SKPFM), were used to understand the degrada- 

ion of the swimmers. The long-term degradation was also eval- 

ated through inductively coupled plasma-atomic emission spec- 

rometry (ICP-AES) analyses of the media, where the MPs were im- 

ersed for varying periods of time. Our findings do not only apply 

o micro- or nanoswimmers, but also to other small-scale metal 

rchitectures. 

. Experimental procedure 

.1. NiCo and NiCo/Au micropillar fabrication 

The fabrication steps for the production of NiCo and NiCo/Au- 

Ps are reported in Fig. 1 . The technique is based on template- 

ssisted electrodeposition using commercially available mem- 

ranes (PVP-Free Nuclepore Hydrophobic Membrane from What- 

an, with a pore size of 1 μm and pore length of 10 μm). A

hin layer of Au ( ∼100 nm) was deposited on the membrane by 

VD. This thin conductive layer acted as a cathode for the nucle- 

tion and growth of NiCo pillars. The electrodeposition process was 

erformed with the three-electrode cell using an Autolab potentio- 

tat (Metrohm, PGSTAT204). The Au coated membrane template, a 
3 
t plate, and an Ag/AgCl/Na 2 SO 4 electrode were arranged as cath- 

de, anode, and the reference electrode, respectively. The chemical 

omposition and parameters of the Ni-Co electrolyte are reported 

n Table S1. To obtain the NiCo-MPs, a potentiostatic polarization 

as applied at −1.1 V vs. Ag/AgCl/Na 2 SO 4 for approximately 150 s. 

he membrane was then dissolved by immersion in Chloroform 

Sigma–Aldrich) for 1 hour to obtain the separated NiCo-MPs. The 

puttered Au layer was removed by etching in Gold etchant, nickel 

ompatible (Sigma- Aldrich). Finally, the NiCo-MPs were cleaned 

n an ultrasound bath in acetone, ethanol, and de-ionized (DI) wa- 

er. To improve the biocompatibility characteristics and prevent the 

etal ions release, a thin layer of Au was deposited on the NiCo- 

Ps using an immersion Au commercial bath (TRANSENE INC). The 

eposition was carried out at 90 °C for 20 min, maintaining the 

iCo-MPs in suspension by stirring. Consequently, the NiCo/Au- 

Ps were cleaned by ultrasonication in acetone for 20 min and 

insed with DI water several times. 

.2. Microscopy characterizations 

The MPs have been characterized using FE-SEM, AFM, and 

KPFM techniques. For the analysis, both NiCo and NiCo/Au-MPs 

ere mixed with ethanol and then spread onto a glassy carbon 

late (C0 0 0502, Goodfellow). The microstructure and the chemical 

omposition of the MPs both prior to and after immersion in the 

orrosive environment was evaluated using an FE-SEM (JEOL, JSM- 

610FPlus) equipped with an energy dispersive X-ray spectroscopy 

EDXS, OXFORD X-MAX 20) analysis system. AFM and SKPFM map- 

ings were obtained to evaluate the topography and surface Volta 

otential differences of NiCo and NiCo/Au-MPs. The scanning probe 

icroscope (SPM) was a Digital Instruments Nanoscope IIIa Mul- 

imode with an n-type doped silicon pyramid single crystal tip 

oated with PtIr5 (SCM-Pit probe). The surface Volta potential 

appings were carried out using the dual-scan mode. In the first 

can, topography data was obtained using the tapping mode, and 

he second scan surface Volta potential was captured by lifting the 
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ip up to 100 nm. Topography and Volta potential mappings were 

btained in air at 25 C ° with an approximate relative humidity of 

8%, a pixel resolution of 512 × 512, a zero-bias voltage, and a scan 

requency rate of 0.2 Hz. 

.3. Electrochemical measurements 

.3.1. Samples preparation 

In order to obtain a suitable working electrode for the elec- 

rochemical measurements, 2 × 2cm 

2 indium tin oxide coated 

lass (ITO,18–20 ohms/sq, techinstro) was coated with a conductive 

olymer (Nafion® 117, Sigma–Aldrich) in which the MPs had been 

reviously dispersed. Nafion® was used to ensure the electrical 

onnection between the MPs and the ITO glass [50-52] . Nafion® as 

 perfluorinated anionic polyelectrolyte has been extensively used 

n recent years for the fabrication of redox polymer-modified elec- 

rodes with high chemical stability and good biocompatibility, par- 

icularly for the detection of protein adsorption [ 53 , 54 ]. The pro-

edure was optimized to achieve samples where part of the pil- 

ars are not fully embedded in Nafion®, ensuring enough exposed 

etallic area to the electrolyte. Several attempts were made to 

chieve this aim, and the obtained specimens were controlled by 

E-SEM. The optimized preparation procedure is as follows: first, 

0 mg of either NiCo or NiCo/Au-MPs were gently mixed with 

50 μL of ethanol and 20 μL of Nafion® (as also reported in other 

tudies [ 55 , 56 ]). The obtained solution was uniformly spread on 

he ITO glass by a spin coater (Ossila, UK) using a spin speed of 

00 rpm for 20 s. Under these conditions, only the first layer of 

Ps was embedded fully in Nafion®, while the top layer was com- 

osed of partially embedded MPs leaving part of their surface in 

irect contact with the electrolyte during the electrochemical mea- 

urements as shown in Figure S1. Finally, the MPs coated ITO glass 

as dried at 60 C ° for 1 hour in the air-oven. An optical micro- 

cope and image analysis method (ImageJ software [57] ) was used 

o estimate the percentage of the ITO glass surface occupied by 

Ps during exposure in the solution for all electrodes, as shown in 

igure S2. 

.3.2. Electrolyte composition and electrochemical measurements 

rocedures 

PBS solution was used as a base electrolyte to perform all elec- 

rochemical measurements. 1 g/L of BSA protein (lyophilized pow- 

er, ≥96% agarose gel electrophoresis, Sigma–Aldrich) was added 

o the PBS solution to obtain conditions closer to those of the hu- 

an body to evaluate its influence on the MPs degradation. The 

hemical composition of the electrolyte is given in Table S2 [39] . 

ll electrochemical measurements were performed at 25C ° and pH 

.4 ± 1 using an AUTOLAB PGSTAT 30 potentiostat in a three elec- 

rodes conventional cell. The coated ITO glass was used as a work- 

ng electrode, an Ag/AgCl/KCl 3M 

electrode ( + 222 vs. SHE) as a ref- 

rence, and a Pt wire as the counter electrode. The potentiody- 

amic polarization (PDP) measurements were carried out at a scan 

ate of 1 mV.s − 1 from cathodic (- 200 mV vs. open circuit poten- 

ial (OCP)) to anodic potentials up to 1200 mV vs. Ag/AgCl/KCl 3M 

, if 

o breakdown was observed earlier. PDP measurements were done 

fter 1-hour immersion in the electrolyte to stabilize the OCP. The 

ong-term degradation of NiCo and NiCo/Au-MPs was investigated 

y OCP and electrochemical impedance spectroscopy (EIS) mea- 

urements in both PBS and PBS + 1 g.L − 1 BSA environments for 

0 days and the following “control-times”: 1 h, 2 h, 4 h, 8 h, 12 h,

day, 2days, 4days, 8days, 18days, and 30days. EIS measurements 

ere performed in a frequency range of 10 mHz to 10 kHz by ap-

lying a sinusoidal excitation signal of ±10 mV vs. OCP. 
4 
.4. Long-time free immersion tests 

NiCo and NiCo/Au-MPs (not supported onto ITO glass) were also 

mmersed in PBS and PBS + BSA environments at pH 7.4 and 25 °C 

or a period of up to 140 days. The solutions were appropriately 

repared after 7, 56, and 140 days and analysed by measuring the 

H and using ICP-AES (Agilent 5800) to determine the released 

i and Co ions. The calibration was done using an ICP-standard 

3 elements solution in 5% nitric acid (Merck solution IV). Before 

CP-AES analysis, the whole PBS and PBS + BSA solutions contain- 

ng released Ni and Co ions were digested in acidic media [58] . 

he ICP-AES analyses were performed at ppm (mg/L) concentra- 

ion for all solutions. The MPs were collected, cleaned in ethanol 

nd DI water with ultrasound, and analysed by FE-SEM and SKPFM 

o control the morphology, the extent of the corrosion attack, and 

urface Volta potential evaluations. The magnetic response of NiCo- 

Ps before and after 140 days immersion in different media was 

onducted by placing a swarm of MPs in a beaker, and applying an 

xternal magnetic field using a stack of permanent magnets. 

. Results and discussion 

.1. Microstructure and electronic properties of NiCo and 

iCo/Au-MPss 

SEM micrographs of a NiCo and NiCo/Au single micropillar, to- 

ether with elementary EDXS maps, are reported in Fig. 2 a and b, 

hile lower magnification micrographs showing different MPs are 

eported in Figure S3. The surface of NiCo-MPs was very smooth 

 Fig. 2 a), and the elementary EDXS maps reveal a uniform distri- 

ution of Ni and Co. The semi-quantitative EDXS analyses demon- 

trate that the pillars are composed of 78% Ni and 22% Co (at%). 

he presence of O reveals that the surface of the pillar is covered 

y the native passive film (NiO and CoO oxides [59] ). NiCo/Au-MPs 

resent a rougher surface and the elementary EDXS maps shows 

hat the O signal differences disappear (no contrast between the 

Ps and the glassy carbon plate), while Ni and Co can still be de- 

ected as the thickness of the Au layer is very low. 

From a closer look at the top surface of NiCo-MP in Fig. 3 a, we

an discern some nano-pores and nano-defects mainly due to hy- 

rogen evolution during the deposition and to the intrinsic rough- 

ess of the membrane walls. The surface roughness of the NiCo- 

Ps, measured by AFM, is about 10–30 nm. The high magnifi- 

ation image of NiCo/Au-MP in Fig. 3 b shows that the Au coat- 

ng presents a cauliflower morphology. However, the Au layer does 

ot uniformly cover all the observed micropillars. Uncovered re- 

ions, micro, and nano-sized defects are present, as indicated in 

ig. 3 c–e. We can distinguish two main types: areas where part of 

he coating has been detached ( Fig. 3 c and e), perhaps during the 

ost-deposition and/or cleaning procedure, and uncovered areas 

 Fig. 3 d) where the deposit has not grown over the NiCo substrate. 

n both cases, the NiCo substrate is in direct contact with the en- 

ironment. These types of defects are very common on low thick- 

ess immersion deposits and are linked to the deposition process. 

uch defects are negligible over large-scale objects but in the case 

f the micro-sized pillars, these defects can significantly accelerate 

he metal ions’ release from the substrate due to galvanic coupling 

vide infra). AFM topographic images of NiCo and NiCo/Au-MPs are 

hown in Fig. 4 a and b, respectively, together with the height line 

rofiles ( Fig. 4 c). The NiCo/Au-MPs has slightly increased height 

nd diameter values than the NiCo-MP. Based on the difference in 

eight measured by AFM (about 0.18 μm on measurements made 

y FE-SEM in the places where the Au coating has been detached 

 Fig. 3 c)), the thickness of the Au layer can be estimated at about

0–100 nm. 
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Fig. 2. SEM and EDXS elemental maps of (a) NiCo and (b) NiCo/Au-MPs. 

Fig. 3. High magnification images of (a) NiCo and (b, c, d) NiCo/Au-MPs, (e) SEM micrograph and EDXS elemental maps of an NiCo/Au-MP, which exhibits the presence of 

an NiCo/Au un-covered interface. 

Fig. 4. Topography images of (a) NiCo and (b) NiCo/Au-MPs on glassy carbon, (c) Topography line profiles of both NiCo and NiCo/Au-MPs. 

5 
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Fig. 5. (a) Topography and (b) surface Volta potential images of NiCo/Au-MP with small porosities, (c) Topography and surface Volta potential line profiles from (a and b). 
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the measured current. 
In order to verify if the defects present on the Au layer can 

ccelerate the NiCo dissolution due to galvanic coupling, surface 

olta potential maps were obtained on areas presenting defects. 

ndeed, the differences in the surface electronic properties of 

aterials can be used as a criterion to determine the surface 

onductivity, which plays a significant role on the electrochemical 

nteractions [ 60 , 61 ]. According to previous studies [62-64] , ma- 

erials with high surface Volta potential or work function energy 

WFE) values present higher stability of valance electrons or a 

ore stable electronic state, inhibiting valence electrons from 

articipating in electrochemical reactions. Consequently, materials 

ith higher surface Volta potential behave with higher electro- 

hemical nobility [65-67] . High magnification topographic and 

olta potential maps of a NiCo/Au-MP on a defected zone as the 

ne indicated by the yellow circle in Fig. 3 d are reported in Fig. 5 a

nd b, respectively, together with the corresponding line profiles 

n Fig. 5 c. Comparing the topographic and the Volta potential 

aps, it is clear that in the areas with low height, the NiCo is un-

overed (lower Volta potential). The potential difference between 

he Au coating and the uncovered NiCo substrate is approximately 

20 mV ( Fig. 5 c). As this difference appears quite high considering 

he passive layer of NiCo, the same measurements were also per- 

ormed on large scale specimens produced by partially covering 

ith an Au thin layer electroformed NiCo alloy with the same 

omposition as the NiCo-MP. The results are presented in Figure 

4. The measured Volta potential difference in this case was about 

50 mV, confirming the results obtained on the MP surface. It is 

ence fair to predict a marked galvanic coupling between the Au 

oating and the NiCo substrate with a localization of the cathodic 

eactions on the Au and the anodic reactions on the NiCo. 

.2. Electrochemical study of NiCo and NiCo/Au-MPs in PBS with and 

ithout BSA 

Fig. 6 a shows the OCP curves of NiCo and NiCo/Au-MP sam- 

les immersed in the PBS solution with and without 1 g.L − 1 BSA 

rotein for 1 hour at 25 °C in aerated conditions, together with 

he curves corresponding to ITO glass and ITO glass + Nafion® sam- 

les immersed in PBS and used as references. The OCP curves of 

ll samples showed a relatively fast stabilization. The measure- 

ents performed in PBS electrolyte showed that the deposition 

f a Nafion® layer onto the ITO glass leads to a marked ennoble- 

ent of the potential ( ∼390 mV vs. Ag/AgCl against −68 mV vs. 

g/AgCl of the bare ITO glass). This is due to the hydrophobic be- 

avior of Nafion®, which acts as a barrier to diffuse the oxygen, 
6 
ater molecules, and other ions to the conductive surface of ITO 

lass [68] . 

Instead, the dispersion of both MPs types in the conductive 

olymer led to a decrease in the OCP, and was more evident in 

he samples prepared with NiCo-MPs. It should also be noted that, 

ue to the nature of the analysed specimens, the measured po- 

ential is always a mixed potential of all the components of the 

pecimens. Considering the preparation procedure, we can assume 

hat the same content of MPs is present on the specimens’ surface 

n all cases, and thus a comparison between the different types of 

Ps can be done quite safely. The deposition of an Au layer on the 

iCo-MPs led, as anticipated, to an increase of the OCP of about 

05 mV vs. Ag/AgCl. Nevertheless, the registered value is much 

ower than Au’s potential in the same environment (Figure S5). As 

he ITO glass + Nafion® presents a higher OCP, the difference can be 

olely attributed to the defects present on the Au coating, which 

xpose the underlying NiCo to the electrolyte. The addition of BSA 

rotein into the PBS solution led to a decrease in the OCP in both 

ases by inhibiting the cathodic reactions and covering the active 

ites on the heterogeneous surface by chemisorbed bonds [ 39 , 46 ]. 

Fig. 6 b shows representative PDP curves of NiCo and NiCo/Au- 

P in PBS and PBS + 1 g.L − 1 BSA solutions at 25 °C and aerated

onditions, together with the curves corresponding to ITO glass 

nd ITO glass + Nafion® in PBS solution. The corrosion potential 

 E corr ) and the corrosion current density ( i corr ), extrapolated using 

he Tafel equations, and together with the passive current density 

 i pass ), are reported in Table 1 . 

The E corr values of the different analysed specimens, extrapo- 

ated from the PDP curves, confirmed the galvanic series observed 

n the OCP measurements. Prior discussing on the current density 

volution of the different PDP curves, it is fair to point out that, 

onsidering the different materials that compose the samples, 

nder anodic polarization in the investigated range of potential, 

n the surface of the ITO glass (stable conductive oxide in a wide 

otential range), the Nafion® (conductive polymer, stable in a 

ide potential range) and the Au (inert metal in a wide potential 

ange and environments), the anodic reactions can only concern 

he oxidation of the components present in the electrolyte, such 

s phosphate species ( HPO 

2 −
4 and H 2 PO 

−
4 ) [38] . Based on this 

tatement, the anodic branches of the PDP curves of both ITO 

lass and ITO glass + Nafion® show a progressive increase of the 

nodic current by increasing the potential due to the oxidation of 

he components in the solution. The higher the driving force, the 

igher the oxidation rate of the species in the solution and hence 
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Fig. 6. (a) OCP and (b) PDP curves of NiCo and NiCo/Au-MPs coated with Nafion® on ITO glass in PBS and PBS + BSA solutions at 25 °C and pH 7.4. 

Table 1. 

i corr , E corr and i pass data obtained from PDP curves in Fig. 6 b. 

Samples i corr (A.cm 

−2 ) E corr (mV vs. Ag/AgCl) i pass (A.cm 

−2 ) 

ITO glass in PBS 1 ± 0.2 × 10 −8 −10 ±2 

ITO glass + Nafion® in PBS 6 ± 0.5 × 10 −8 415 ±50 

NiCo MPs in PBS 5 ± 0.5 × 10 −7 −240 ±15 7 ± 0.3 × 10 −6 

NiCo MPs in PBS + BSA 7 ± 1 × 10 −7 −285 ±25 1.2 ± 0.2 × 10 −5 

NiCo/Au MPs in PBS 6 ± 0.6 × 10 −8 −140 ±20 4 ± 0.5 × 10 −7 

NiCo/Au MPs in PBS + BSA 9 ± 0.8 × 10 −8 −180 ±20 9 ± 0.5 × 10 −7 
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The optimization of the sample production method containing 

he two types of MPs substantiates the fact that the metallic area 

xposed to the electrolyte is essentially the same. By considering 

hat up to 400 mV vs. Ag/AgCl ( E corr of the ITO glass + Nafion®)

he Nafion® is under cathodic polarization, the anodic currents 

f the samples containing MPs are attributable only to the re- 

ctions that take place on the exposed metallic surfaces. Due to 

he active-passive behavior of the NiCo alloy, the anodic reactions 

an be mainly attributed to its oxidation under anodic polariza- 

ion. The anodic branch of the PDP curves of the sample con- 

aining the NiCo-MPs showed a passive behavior of up to around 

00 mV vs. Ag/AgCl. Nevertheless, above a value of around 200 mV 

s. Ag/AgCl, fluctuations of the anodic current suggest triggering 

f metastable pits [69] . Moreover, the NiCo-MPs anodic current 

as higher in comparison to all other types of samples due to 

he contribution of the metal oxidation. The anodic current mea- 

ured on the specimens containing NiCo/Au-MPs is the sum of 

wo distinguished phenomena: the oxidation of the species present 

n the electrolyte on the surface of the Au coating, and the oxi- 

ation of the NiCo alloy through the pores or defects of the Au 

oating [ 69 , 70 ], similar to the measured E corr being a mixed po-

ential of the Au and the uncovered NiCo substrate through the 

oating defects. In order to confirm this hypothesis, PDP curves 

ere obtained, under the same conditions, on a pure Au sheet 

nd on a 1 mm thick electroformed NiCo alloy with a chemical 

omposition similar to that of the MPs (Figure S5). The obtained 

urves have a similar form to those obtained on the MPs, but the 

 corr of the pure Au is much higher than that of the NiCo/Au- 

Ps, confirming the hypothesis of measuring a mixed potential. 

onsidering that the area of the Au coating largely exceeds the 

xposed area of NiCo substrate, it is fair to assume that in free 

orrosion conditions, the galvanic potential ( E galvanic(NiCo)/(Au) ) due 

o the coupling between different materials is near to the E corr 
7 
f the NiCo/Au-MPs sample revealed by the PDP measurements. 

herefore, the exposed NiCo substrate will be oxidized with a cor- 

osion rate that corresponds to the anodic current of the NiCo- 

Ps at the same potential (vertical dashed line in Fig. 6 b), and 

igher than the corrosion current density of the NiCo-MPs. Nev- 

rtheless, relying only on the PDP measurements, it is difficult to 

stablish if this relatively small over-potential ( E galvanic(NiCo)/(Au) ≈
 corr NiCo/Au – E corr NiCo ≈ 100 mV) caused by the galvanic coupling 

s high enough to trigger the localized corrosion of the NiCo al- 

oy and a significant release of Ni and Co ions to the electrolyte. 

he fluctuations of the anodic current above 200 mV vs. Ag/AgCl 

or the NiCo/Au-MPs also indicates the formation of metastable 

its [70] . 

The addition of BSA in the PBS electrolyte leads to a decrease 

n the E corr and an increase of both i corr and anodic current den- 

ity of both samples containing MPs, suggesting an increase in the 

ggressiveness of the electrolyte. The BSA, known as the strongest 

etal binder amongst human blood proteins with a high concen- 

ration in synovial fluid [49] , is a strong promoter of metal ions 

elease for a wide range of biomedical alloys [ 38 , 71-73 ]. Although

t takes time to express its aggressiveness, as it interacts slowly 

ollowing different mechanisms (adsorption, protein-metal binding, 

etal ion detachment [49] ), in our experiments, the effect on the 

ecrease of the corrosion resistance is already demonstrated after 

 hour of immersion by the PDPs. The shape of the PDP curves 

howed a similar effect on the addition of BSA proteins for both 

ypes of MPs, but the difference in the anodic currents was much 

ore evident with the NiCo-MPs with respect to the NiCo/Au-MPs. 

ssuming that the Au is essentially inert to the presence of BSA 

n the solution, with the exception of the possible adsorption phe- 

omena, the higher the NiCo surface exposed to the electrolyte, 

he higher the oxidation phenomena and hence the anodic current 

easured during the potential scan. 
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Fig. 7. (a) OCP and (b) |Z| at 10 mHz during long-term immersion tests of NiCo and NiCo/Au-MPs immersed in PBS and PBS + BSA at 25 °C and pH 7.4, Schematic presentation 

of phosphate species adsorption and BSA protein interaction and its role on metal ion releasing on (c) NiCo and (d) NiCo/Au-MPs in the different environments. 
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As a consequence, the SKPFM analyses and the PDP measure- 

ents revealed the galvanic coupling between the Au and the un- 

overed areas of the NiCo substrate through the Au layer defects. 

owever, it does not give an indication of the long-term corrosion 

n simulated body fluids and the metal ions release. To this aim, 

ong-term immersion tests were considered necessary and will be 

iscussed in the next section. 

.3. Long-term immersion tests 

.3.1. EIS measurements 

As reported in the experimental section, ITO glass with a 

afion® coating containing either NiCo or NiCo/Au-MPs were im- 

ersed in either PBS or PBS + BSA solutions for 30 days, then OCP 

nd EIS measurements were performed at regular intervals. Bode 

agnitude and phase diagrams of the EIS measurements can be 

ound in Figure S6. From the Bode plots, it is clear that the NiCo- 

Ps present a lower impedance than the NiCo/Au-MPs immedi- 

tely after immersion and that the addition of BSA in the elec- 

rolyte lowers the impedance of both systems. However, by in- 

reasing the immersion time, an increase of the impedance mag- 

itude was observed in all tested systems, along with a flatten- 

ng of the phase diagram, indicating a transition from a single 

ime constant system to a two-time constant system. This increase 

as much more evident in BSA-containing electrolytes, which pre- 

ented the lowest values immediately after immersion. Assuming 
8 
hat Nafion® has a similar effect on all studied systems, the main 

ontribution to the charge transfer resistance corresponds to the 

etal elements (Ni, Co and Au). For this reason, the impedance 

odulus at 10 mHz was used to compare all specimens’ perfor- 

ances. The results together with the OCP values monitored dur- 

ng the 30 days of immersion are reported in Fig. 7 a and b. 

From Fig. 7 a, it is evident that all samples showed a marked in-

rease of the OCP during the first two days of immersion and then 

each a virtual steady state. The NiCo/Au-MPs consistently showed 

igher potential values in both environments due to the presence 

f an Au coated layer. The increase of the OCP was, however, more 

vident on the NiCo-MPs, so that all samples reached values of 

he same order of magnitude after long immersion times, always 

aintaining the order NiCo/Au in PBS > NiCo/Au in PBS + BSA > NiCo 

n PBS > NiCo in PBS + BSA. The same behavior was observed by 

he impedance modulus at 10 mHz ( Fig. 7 b). In addition, an in-

rease was shown during the first two days followed by a stabi- 

ization of up to 30 days. The presence of the Au layer increased 

he impedance values, while the addition of the BSA protein led to 

ower values. This was due to the formation of a thin film of phos- 

hates on the MPs’ surface after the immersion in the electrolyte 

39] , which offered a barrier protection for the metal ion release. 

fter longer immersion times, the stability of the phosphates film 

ncreased, and both OCP and |Z| values reached a steady state. The 

SA protein was also adsorbed on the specimens’ surface as it ex- 
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Fig. 8. Total amounts of (a) Ni and (b) Co released from NiCo and NiCo/Au-MPs after immersion for 7, 56 and 140 days in PBS and PBS + BSA at 25 °C and with a pH 7.4. 

Fig. 9. Low and high magnification FE-SEM images of NiCo-MPs after immersion in (a and b) PBS and (c and d) PBS + BSA solution for 56 days. 
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ibited a negative ζ potential at pH 7.4 [39] . The BSA molecules 

ompeted with the phosphate species to form the adsorbed film, 

owering both the OCP and |Z| values. The adsorbed layers provided 

 shielding effect to the aggressive Cl − attack and the corrosion 

f the NiCo/Au-MPs due to galvanic coupling. However, the BSA 

roteins can exhibit detrimental effects towards the NiCo passive 

lm. Indeed, BSA interacts with the metal atoms in the oxide layer 

nd, if the metal-protein bonds are stronger than the metal-oxygen 

onds, leads to the detachment of protein-metal complexes, in- 

reasing the metal ions release and hence the degradation phe- 

omena [49] . The process is schematically represented in Fig. 7 c 

nd d. 

.3.2. Metal ions release and morphological evaluation of the 

egradation 

To clarify if the adsorbed phosphates layer slows down the 

etal ion release due to the presence of Cl − or galvanic coupling 

etween the NiCo substrate and the Au coating, and to confirm 
9 
hat the presence of BSA enhances the corrosion of the MPs, NiCo 

nd NiCo/Au-MPs non-supported on Nafion®, were immersed in 

BS and PBS + BSA solutions for a total time of 140 days. Both solu-

ions and immersed MPs were characterized at different intervals 

o evaluate the degradation. 

No significant changes on the pH of the solutions have been 

oticed. The Ni and Co ions concentration in the two solutions af- 

er 7, 56, and 140 days of immersion, as measured by ICP-AES, are 

eported in Figs. 8 a and b. The results demonstrated that higher 

mounts of both Ni and Co were released from the NiCo-MPs with 

espect to the NiCo/Au-MPs, proving the protection offered by the 

u, despite the defects. The Ni release was around three times 

igher in comparison to the Co, respecting the alloy chemical com- 

osition. Finally, the addition of BSA protein increased the elec- 

rolyte’s aggressiveness due to the protein-metal bonding effect, 

eading to an increase of around 200% and 80% (after 140 days of 

mmersion) in the Ni ion release for the NiCo and NiCo/Au-MPs, 

espectively. This difference is mainly due to the different NiCo 
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Fig. 10. FE-SEM images of NiCo/Au-MPs after immersion in (a) PBS and (b) PBS + BSA solutions for 56 days. 

Fig. 11. (a) AFM and (b) SKPFM images of NiCo/Au-MPs after immersion in PBS + BSA solution for 56 days, (c) surface Volta potential line profile in (b). 

Fig. 12. SEM micrograph and EDXS elemental maps of NiCo/Au-MPs after immersion in PBS + BSA solution for 56 days. 
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xposed areas in the two cases and the fact that the detrimen- 

al effect of BSA concerns only the NiCo. This exacerbated metal 

on release and its effect on the magnetic manoeuvrability of the 

iCo-MPs was verified by magnetic manipulation of a swarm of 

hese structures (see video S1). The videos provided show clearly 

hat the uncorroded NiCo-MPs are quickly attracted to the mag- 

et, while the corroded (after 140 days) hardly move from their 

nitial position, thus clearly indicating a degradation of the mag- 

etic properties. The degradation after 140 days was so massive 

hat made unviable the assessment of the degradation mechanism 

n the structures. For this reason, we chose 56 days as the time pe-

iod that would enable the comparison amongst the different spec- 

mens and environments to highlight the differences in the degra- 

ation mechanisms. 

FE-SEM images of both types of MPs after 56 days of immer- 

ion in both PBS and PBS + BSA solutions are reported in Figs. 9 and

0 . The surface of the NiCo-MPs immersed in PBS solution was 

elatively uniform and was covered by a thick oxide-phosphates 

ayer, where small dimension pits (red arrows Fig. 9 b) could be 
10 
ttributed to the Cl −attack. The corrosion attack in the presence 

f BSA was much more intense and led to a severely grooved sur- 

ace ( Fig. 9 c and d). This is due to the protein-metal bonding and

he detachment of the protein-metal complexes [ 49 , 74 ]. The im- 

ersion of NiCo/Au-MPs in PBS solution for 56 days led to an in- 

ense corrosive attack on the NiCo through the Au layer defects 

 Fig. 10 a), proving the galvanic coupling. The dissolution of the 

iCo through the defects was striking compared to that of NiCo- 

Ps immersed in the same solution ( Fig. 9 a and b). The presence

f BSA protein intensified the corrosion attack and the uncovered 

iCo surface appeared highly degraded, with the same morphol- 

gy observed in the NiCo-MPs immersed in the same environment. 

he effect of the BSA protein also had an indirect impact on the 

orphology of the Au coating. The more intensive dissolution of 

he NiCo, not only as a result of the defects but also from the Au

rain-boundaries, makes the Au layer appear as not continuous but 

s isolated grains ( Fig. 10 b). 

However, the dissolution of NiCo through the Au defects was 

ot as severe as expected from the galvanic coupling, observed by 
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he PDP curves and SKPFM measurements. After long-immersion 

imes, the formation of a phosphates film, as observed in the in- 

rease of both OCP and |Z|, could attenuate this difference. To 

onfirm this hypothesis, AFM and SKPFM maps from a defective 

rea of NiCo/Au-MP immersed for 56 days in PBS + BSA solution 

ere obtained and reported in Fig. 11 , together with the Volta 

otential line profile. In the SKPFM map, the Volta potential dif- 

erence between the NiCo and the Au is clearly visible ( Fig. 11 b),

ut as demonstrated by the line profile, this difference is around 

0 mV, which is much lower than that observed before immersion 

 ∼120 mV, Fig. 5 c). The SKPFM analyses proved that during long- 

mmersion times, the Volta potential difference between NiCo and 

u, a driving force for the galvanic coupling, is significantly de- 

reased due to the formation of the phosphates-oxides film [71] on 

he whole surface, as presented in Fig. 12 . Indeed, from the EDXS 

aps the presence of P over the whole MPs surface is confirmed. 

. Conclusions 

In this work, the degradation of NiCo-micropillars (NiCo-MPs), 

oth uncoated and Au-coated, during immersion in phosphate- 

uffered solution containing bovine serum albumin was studied, 

or the first time, using a combination of electrochemical and sur- 

ace analyses techniques. The resultant NiCo-MPs present a smooth 

urface and a uniform chemical composition. However, the Au 

oating on the NiCo/Au-MPs did not uniformly cover the MPs sur- 

ace, presenting uncovered regions and micro- and nano-sized de- 

ects. SKPFM and potentiodynamic polarization measurements re- 

ealed the galvanic coupling between the Au and the uncovered 

reas of the NiCo substrate as a result of the Au layer defects, 

hich could increase the dissolution rate of the NiCo. Conversely, 

ong-term EIS measurements showed that a phosphate-based layer 

as formed on the MPs’ surface, which became more stable af- 

er longer immersion times, providing a shielding effect from the 

ggressive Cl − attack and the corrosion of the NiCo/Au-MPs due 

o galvanic coupling. The formation of the phosphates film after 

ong immersion times decreased the Volta potential difference be- 

ween the Au layer and the NiCo substrate exposed by the defects 

s demonstrated by the SKPFM measurements. Metal ions release 

easurements performed for 140 days demonstrated that, despite 

ts defects, the Au coating provided certain protection, lowering the 

i and Co release in the electrolyte of around 60% and 50%, respec- 

ively. 

The presence of BSA increased the aggressiveness of the elec- 

rolyte, as demonstrated by all electrochemical measurements. The 

SA molecules competed with the phosphate species to form the 

dsorbed film on the MPs’ surface and increased the corrosion 

ate due to the protein-metal bonding and the detachment of the 

rotein-metal complexes. This was confirmed by the metal ions’ 

elease measurements and the observation of the corrosion at- 

ack morphology on the different pillars after long-term immer- 

ion tests. BSA’s presence led to an increase in the Ni release of 

bout 200% and 80% after 140 days of immersion for the NiCo 

nd NiCo/Au-MPs, respectively. The NiCo corroded surface, in BSA’s 

resence, was much rougher in both cases when compared to im- 

ersion in only PBS solution. In addition, the Au coating offered 

ertain protection, despite the defects, due to the fact that the BSA 

etrimental effect only had an impact on the NiCo, and the ex- 

osed area through the defects was significantly lower in compar- 

son with the non-coated NiCo-MPs. 
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