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Abstract 
In bioelectrochemistry, cells are typically cultured in monolayers on 2D electrodes and 

methods such as electrochemical impedance spectroscopy (EIS) or voltammetry are used 

to detect changes in the cell population or responses to external stimuli. Here, we imple-

ment an electrochemical assay for the in situ monitoring of alkaline phosphatase (ALP) 

activity of Saos-2 cells cultured in a 3D gelatin hydrogel matrix with a thickness of 300 

µm deposited on pyrolytic carbon electrodes. After cell seeding, ALP activity for cells in 

the hydrogel was higher compared to 2D cell cultures probably due to unrestricted access 

to the enzyme on the complete cell membrane. Gradual decrease of cell proliferation, 

maturation and spheroid formation in the 3D cell culture resulted in slower increase and 

eventually a decrease in ALP activity over time. Finally, 3D microstructured electrodes 

and 3D carbon pillar microelectrodes with a height of 225 µm were fabricated and applied 

for ALP detection directly in the 3D cell cultures. This resulted in higher electrochemical 

signals compared to 2D electrode configurations due to increased electrode surface area 

and penetration of the microelectrodes into the cell-laden hydrogel. 

 

1 Introduction 
Alkaline Phosphatase (ALP) is an enzyme present in a variety of human tissues and or-

gans such as bone, liver, kidney, intestine and placenta [1]. ALP activity has been used 
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as physiological and disease biomarker related to these areas, especially for bone and 

liver. ALP has also been identified as differentiation marker since it is expressed at high 

levels in various types of stem cells [2–4]. In the specific case of bone, ALP has been 

employed as a biochemical marker of bone turnover, specifically bone formation, and for 

monitoring the treatment of patients with metabolic bone disease [1]. Bone is formed by 

osteoblasts, initially derived from local mesenchymal stem cells. The osteoblastic cell 

differentiation (osteogenesis) starts from proliferation evolving to maturation, extracellu-

lar matrix deposition and calcification. This process is characterized by sequential ex-

pression of marker proteins, such as ALP. ALP is expressed during early differentiation 

and localized in the outer membrane of cells and in the extracellular matrix vesicles. It 

takes part in bone mineralization by releasing inorganic phosphate (Pi) for hydroxyapatite 

crystal formation. 

Expression of ALP can be monitored by histochemistry, Western blot and reverse tran-

scription polymerase chain reaction (RT-PCR) [5,6]. These methods require multiple la-

beling steps, are labor intensive, difficult to automate and most importantly are destruc-

tive endpoint measurements. In alkaline conditions, ALP is able to hydrolyze phosphate 

ester compounds into alcohols and its activity can be determined by measuring the 

amount of alcohol generated. ALP activity is commonly evaluated using spectrophotom-

etry, fluorescence or chemiluminescence [7]. However, in recent years, analytical meth-

ods based on electrochemical detection have been reported [8–12], indicating the superi-

ority of electrochemical measurements in terms of cost, speed, accuracy and sensitivity. 

In addition, electrochemical methods offer the advantage of direct in situ and continuous 

measurement in a complex environment. The activity of ALP can be detected electro-

chemically using a nonelectroactive substrate, i.e., p-aminophenyl phosphate (PAPP) 

(Figure 1) [7,11,12]. The enzymatic activity of ALP catalytically hydrolyzes PAPP, pro-

ducing Pi and the electrochemically active product p-aminophenol (PAP). Therefore, 

ALP activity can be evaluated by monitoring the PAP oxidation current at a suitable elec-

trode potential where PAPP is not oxidized. 

Since decades, cellular biology research has been based on two-dimensional (2D) cell 

culture systems, where cell monolayers are cultured on flat and rigid substrates. These 
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cell cultures are simple to handle, image and analyze with standard laboratory equipment. 

However, the limitations of these models in mimicking functional living tissue have often 

resulted in misleading and non-predictive data for in vivo responses [13–15]. Three-di-

mensional (3D) cell cultures offer the potential to overcome these limitations, replicating 

more closely the natural microenvironments of cells in tissue. Research has shown that 

the extracellular environment has a profound impact on cell biology. Cells cultured in a 

3D environment are subjected to spatiotemporal cues such as cell-cell and cell-extracel-

lular matrix (ECM) interactions that affect signal transduction, gene expression and cel-

lular behavior during proliferation, differentiation and in response to external stimuli [13–

15]. Thus, tremendous efforts have been focused on developing 3D cell culture methods 

and materials to reproduce tissue specific properties [16–19]. However, non-invasive 

monitoring and quantification of changes or fluctuations in the 3D environment remains 

a challenge. Most of the established analysis methods have primarily been designed to 

meet the requirements of 2D cell cultures and have not yet been fully adapted to 3D cell 

culture formats [20]. The majority of the currently used methods rely on downstream 

analysis methods, such as immunofluorescence microscopy, histology, ELISA or expres-

sion profiling. However, a few attempts have been made in the development of 3D cell 

culture-based electrical/electrochemical biosensors to detect analyte fluctuations in the 

local environment [21]. Cells grown in 3D culture, commonly 3D spheroids or cells em-

bedded in different types of 3D matrices, have been incorporated into biosensors using 

different approaches and specifically designed devices based on 2D electrodes.  Imped-

ance-based methods have been used both on single spheroids [22–24] and on hydrogel 

encapsulated cells [25–27] to monitor cell proliferation and response to external stimuli 

(i.e., anticancer drugs). Amperometric detection has been used to assess in situ and in 

real-time 3D microtissue metabolism by measurement of oxygen, lactate or glucose 

[9,10,28]. However, the cell densities used in these systems have been relatively low and 

long-term analysis has so far not been demonstrated. 

Furthermore, in all of these studies, flat 2D electrodes have been applied for analysis of 

3D cell cultures, which might result in a delayed measurement of the metabolites due to 

diffusion and inaccurate conclusions on the actual analyte concentrations. The integration 
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of 3D electrodes would allow for real in situ electrochemical measurements in 3D cell 

cultures. One of the major limitations has been that the fabrication of 3D electrodes is 

expensive and relatively complicated. Recently, pyrolytic carbon micropillar electrodes 

with a height of 11 µm have been applied for monitoring of neural stem cells [29]. An 

increased electrochemical response during amperometric detection of dopamine has been 

reported and attributed to an increase in electrode surface area and improved interaction 

of the cells with the electrodes.  

Here, we describe the development and optimization of an electrochemical assay for in 

situ monitoring and quantification of ALP activity within 3D cell cultures in a hydrogel 

layer with a thickness of 300 µm. The influence of a 3D environment on both cell prolif-

eration and ALP activity was investigated using 2D pyrolytic carbon electrodes and 

square wave voltammetry. Furthermore, 50 µm high 3D microstructured carbon elec-

trodes and 225 µm high 3D carbon micropillar electrodes were fabricated and applied for 

real in situ measurements in the 3D cell cultures. For long-term cell cultures in densely 

populated gelatin hydrogel the effect of cell number, proliferation rate, differentiation 

stage, spheroid size and enzymatic substrate permeation on the electrochemical signals 

was evaluated. The recorded higher net peak currents demonstrate the advantage of 3D 

electrodes for the detection of electrochemical signals in a 3D matrix. The results indicate 

their potential as smart cell scaffolds for combined 3D cell culturing and 3D electrochem-

ical monitoring. 

 

2 Experimental 

2.1 2D and 3D pyrolytic carbon electrodes 

Two-dimensional (2D) electrode chips (10 mm × 30 mm) were fabricated through opti-

mized pyrolysis of lithographically patterned SU-8 at high temperature (1100°C) in N2 

atmosphere [30]. The chips consisted of a three-electrode system composed of a pyrolytic 

carbon working (WE) and counter (CE) electrode and a gold pseudo-reference electrode 

(RE) (Fig.1A). The circular WE had an area of 12.6 mm2, while CE and RE had an area 
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of 25.2 and 0.8 mm2, respectively. Two types of 3D electrode chips were designed and 

fabricated to investigate the advantage of 3D electrode configurations for in situ monitor-

ing of the ALP activity in 3D cell cultures. First, 3D suspended pyrolytic carbon micro-

structures with a structural height of 50 µm were defined on the same WE footprint area 

(4 mm diameter) (Fig.1A, Fig.1B bottom left). The 3D microstructured WE in this case 

had an estimated surface area of 21.2 mm2. The detailed fabrication process was previ-

ously described elsewhere [31]. Second, microelectrode chips with high aspect ratio py-

rolytic carbon micropillars were fabricated (Fig.1B bottom right). These electrodes were 

designed in order to have a pillar height allowing electrochemical monitoring of cells 

within a 300 µm thick gelatin layer. Two different 3D micropillar electrodes with pillar 

spacings of 400 µm (design 1 - 64 pillars) and 200 µm (design 2 - 284 pillars) were 

fabricated in order to investigate the influence of the scaffold design on the analysis of 

ALP. The 3D carbon pillars on the WE were obtained by adding a UV photolithography 

step to the process previously used to fabricate the 2D pyrolytic carbon electrodes. SU-8 

2075 (Microresist GmbH) was spin coated in order to obtain a 500 µm thick layer. UV 

exposure followed by a post exposure bake was used to obtain pillars with a diameter of 

100 µm. After pyrolysis, the average height of the pillars measured with an optical pro-

filometer was 225±1 µm and the diameter was 68±2 µm. The calculated WE surface area 

was 15.6 mm2 for design 1 and 26.2 mm2 for design 2. 

2.2 Hydrogel preparation 

Gelatin hydrogel cross-linked with transglutaminase (TG) (Activa-TI, Ajinomoto North 

America Inc., Illinois, US) was used in this study [19]. Briefly, 7.5% (w/v) gelatin (48723 

Fluka) was mixed with either Phosphate Buffered Saline (PBS, pH 7.4) or cell culture 

medium (ATCC, McCoy’s 5A Medium, pH 7.4) supplemented with 10% fetal bovine 

serum (FBS; Gibco Labs), and penicillin/streptomycin at 60°C and stirred until fully sol-

ubilized. The appropriate mass of TG (Activa-TI, Ajinomoto, Inc., activity of approxi-

mately 100 U·g-1 of TG according to the manufacturer) was dissolved in 15 mL of PBS 
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to achieve a concentration of 100 units of TG per g of gelatin. A total of 0.5% (v/v) of 

chloroform was added to sterilize the solution. 

2.3 Sample preparation 

The carbon electrode chips were subjected to an oxygen plasma treatment (0.5 bar) in an 

Atto Plasma System (Diener electronic, Germany) for 65 s with a power of 50 W to clean 

the surface and improve wettability. The chips were sterilized by immersion in 70% eth-

anol (30 min), followed by rinsing three times with PBS. Then, the chips were placed in 

PMMA-based magnetic chip holders previously sterilized by immersion in 0.5 M NaOH 

(30 min) and rinsed in sterile water. The chip holders define a 300 µL well (8 mm diam-

eter) for cell culture and electrochemical measurements. For 2D culture experiments, the 

chips were coated with fibronectin (20 mg/mL in PBS, 2 h). For experiments with gelatin 

hydrogel, 50 µL of gelatin 5% (w/v) cross-linked with 100 Units of TG per g of gelatin 

were cast within the chamber of the chip holder to achieve a hydrogel thickness of 1 mm. 

The pH of the gelatin solution was adjusted to about 7 before casting using pH paper 

strips. After the casting, the samples were incubated at 4°C temperature for 30 minutes. 

The samples were then incubated for 1h at ambient temperature to fully finalize the chem-

ical cross-linking of the gelatin ensuring mechanical stability at 37°C. The final hydrogel 

thickness was approximately 300 µm (Figure 1C). 

2.4 Electrochemical measurements and data analysis 

P-aminophenyl phosphate (PAPP) was introduced as a nonelectroactive substrate. The 

enzymatic activity of ALP catalytically hydrolyzed PAPP resulting in the electrochemi-

cally active product p-aminophenol (PAP) (Figure 1D-E). The ALP activity was evalu-

ated by recording the PAP oxidation current. Square-wave voltammetry (SWV) was per-

formed by scanning the potential between -0.2 and +0.4 V with modulation amplitude, 

step potential and frequency set at 25 mV, 1 mV, and 25 Hz respectively. Before each 

measurement, a baseline scan was run in PBS. From the difference between the PAP 
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oxidation peak current (typically recorded at 0.1-0.2 V) and the background current rec-

orded at the same potential, the net current change (ΔI) was evaluated. All electrochemi-

cal experiments were performed using a PGSTAT128N potentiostat (Metronohm Au-

tolab, The Netherlands), and MATLAB (Mathworks, Sweden) was used to analyze the 

acquired data. All experiments were performed at room temperature. For every condition 

analyzed, at least three samples were used.  

2.5 Electrochemical oxidation of PAP 

To investigate the effect of a hydrogel layer on the electrochemical measurements, the 

electrochemical oxidation of PAP was characterised using samples with and without the 

gelatin/TG hydrogel layer (Figure 1B). Samples with gelatin hydrogel layer were pre-

pared using PBS. All the samples were incubated in PBS for 24 hours at 4°C. After incu-

bation, background voltammograms were recorded in PBS. For the samples without hy-

drogel layer, 300 µL of PAP at the concentrations of 1, 5, 10, 20, 40, 80, 160 µM were 

successively added in the electrochemical wells, and SWV were recorded immediately. 

For the samples with the gelatin hydrogel layer 250 µL of PAP were added at the con-

centrations of 1.2, 6, 12, 24, 48, 96, 192 µM to achieve the final concentrations of 1, 5, 

10, 20, 40, 80, 160 µM in a total final volume of 300 µL. In this case, SWVs were per-

formed after 30 minutes PAP incubation, to ensure a steady state concentration within the 

hydrogel. PAP solutions were prepared freshly in PBS. 

To study the effect of culture medium on the electrochemical performance, the same ex-

periment was repeated using gelatin hydrogel mixed with culture medium and incubating 

all the samples (both with and without hydrogel) in medium for 24 hours under standard 

culture conditions (37°C and 5% CO2). 

2.6 Cell seeding and encapsulation 

Human osteosarcoma Saos-2 cells (ATCC® HTB-85™) were grown in McCoy’s 5a me-

dium (ATCC, pH 7) supplemented with 10% fetal bovine serum (FBS; Gibco), 1% pen-
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icillin/streptomycin (P/S; Gibco). Cells were maintained at 37°C in a humidified incuba-

tor under 5% CO2 in air. In preparation for experiments, cells were cultured in standard 

T25 cm2 flasks with medium exchanged regularly every 2 days. Prior to seeding or en-

capsulation, cell suspensions were prepared by standard trypsinization using a trypsin-

EDTA solution. Cells were centrifuged for 5 min at 900 rpm and 20°C followed by re-

suspension in cell culture medium. For cell seeding on 2D chips, 300 µL of cell suspen-

sion at the concentration of 5x104 cells·mL-1 were added into the culture well to achieve 

a final cell density of 3x104 cells·cm-2. For cell encapsulation, gelatin 5% (w/v) cross-

linked with 100 units of TG per g of gelatin was prepared in culture medium. A total of 

0.5% (v/v) of chloroform was added to sterilize the solution. Saos-2 cells were mixed 

with 50 µL of the gelatin/TG hydrogel and then cast into the culture well to have the 

desired final density. After casting, the samples were incubated at 4°C for 10 minutes to 

convert the liquid gelatin into solid state. The samples were subsequently incubated for 

1h at ambient temperature to allow chemical cross-linking of the gelatin, ensuring me-

chanical stability at higher temperatures. Subsequently, 250 µL of culture medium was 

added on top of the hydrogel layer and the entire system was incubated at 37°C under 

95% air/5% CO2. Medium was exchanged every second day.  

2.7 Electrochemical analysis of ALP activity in 2D and 3D Saos-2 cell cultures 

To electrochemically determine ALP activity of Saos-2 cells for up to 8 days of culturing, 

2D electrode chips with and without the gelatin hydrogel were prepared as described 

above. The samples without hydrogel were prepared by seeding Saos-2 cells onto the 

fibronectin-coated electrodes at a concentration of 5x104 cells·mL-1 (3x104 cells·cm-2). 

For the samples with gelatin hydrogel, gelatin was mixed with culture medium and Saos-

2 cells were encapsulated using a cell concentration of 1x106 cells·mL-1. All the samples 

were incubated in culture medium at 37°C. After 2, 4 or 8 days of culture, samples were 

re-equilibrated, washed three times with PBS and incubated with 5 mM PAPP in PBS for 

1 hour (samples without hydrogel) or 1.5 hours (samples with hydrogel – additional 30 
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mins taking into account the diffusion in the hydrogel layer) in order to allow the enzy-

matic reaction to take place. SWVs were recorded as previously described before and 

after incubation with PAPP.  

To further evaluate ALP activity of encapsulated Saos-2, cells were cast onto the 2D 

electrode chips at the concentration of 0.5x106, 1x106 and 2x106 cells·mL-1 of gelatin 

hydrogel. Samples were maintained for 2 days under standard culture conditions and ALP 

activity was electrochemically measured as previously described.  

To investigate the advantage of a 3D WE for the electrochemical detection of ALP, the 

same experiment was repeated casting 1x106 cells·mL-1 gelatin hydrogel onto 3D elec-

trode chips with microstructured pyrolytic carbon microelectrodes with a height of 50 µm 

(Figure 1B bottom left). Finally, Saos-2 cells were encapsulated at a cell density of 5x106 

cells·mL-1 in the gelatin hydrogel deposited on 3D microelectrodes with dense arrays of 

3D micropillars with a height of 255 µm (Figure 1B bottom right). These samples were 

maintained for 7, 14 and 21 days under standard culture conditions and ALP activity 

measurements were electrochemically performed as previously described. 

Levamisole was used to inhibit ALP. Samples with 0.5x106 cells·mL-1 of gelatin hydrogel 

were prepared and cultured for 2 days. After incubation with 5 mM PAPP for 1.5 hours 

SWVs were recorded. The samples were then washed with PBS and the same samples 

were incubated with 1mM levamisole during 1.5 hours. Subsequently, levamisole solu-

tion was removed, the samples were washed with PBS and 5mM PAPP was added again 

for 1.5 hours. The inhibited ALP activity was then electrochemically measured. Control 

experiments were performed under the same experimental conditions but using culture 

medium instead of levamisole. 

2.8 Calibration curves for ALP catalyzed PAP production 

To correlate PAP oxidation peak currents with ALP concentration, calibration curves us-

ing both 2D and 3D electrode chips were recorded. Known concentrations (0.01, 0.1, 0.5, 

1, 1.5 U·mL-1) of commercial ALP (ab83369, Abcam) were encapsulated within gelatin 

hydrogel cast onto the electrode chips. For these experiments 7.5% (w/v) gelatin was 
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mixed with PBS. The samples were then incubated with 5 mM PAPP for 1.5 hour in order 

for the enzymatic reaction to take place. Before and after incubation, SWVs were rec-

orded.  

2.9 Fluorescence staining 

Cell viability was assessed using a LIVE/DEAD assay (Thermo Fisher Scientific). The 

samples were washed with Hank’s balanced salt solution (HBSS) and incubated for 30 

minutes (samples without hydrogel) or 1 hour (samples with hydrogel) with 1 mL of 

HBSS containing 4 µL of SYTO 4 µL and DEAD red. After incubation, the samples were 

washed again with HBSS and then imaged with a Zeiss LSM confocal microscope.  

2.10 Imaging and analysis  

Confocal acquisitions were performed using a Zeiss LSM 700 module in the Axio Imager 

M2 upright microscope using: an epiplan-neofluar 5X/0.13 HD and 10X/0.25 HD objec-

tive. To eliminate any possible crosstalk between channels, images were collected with a 

sequential scan, using the following laser lines and mirror settings: 488(30%) 495-560 

nm; 555(30%) 605-700 nm. Photographs and videos of tissue fabrication were acquired 

using a DSLR camera (Canon EOS, 5D Mark II; Canon). ImageJ was used to visualize 

composite images by combining fluorescent channels. 

3 Results and discussion  

3.1 Characterisation of hydrogel modified 2D electrodes 

First, the sensing performance in absence and presence of hydrogel was evaluated. The 

oxidation peak currents of PAP were analysed comparing electrochemical measurements 

with bare 2D electrodes (Figure 2A) and with 2D elecrodes modified with gelatin hydro-

gel (Figure 2B). Representative square-wave (SW) voltammograms for different concen-

trations of PAP (5, 10, 20, 40, 80, and 160 µM) on bare and gelatin hydrogel modified 

2D electrodes are shown in Figure 2C and D, respectively. For both cases, the oxidation 
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peak currents were observed at the potential of 0.1 V ± 0.05 V (vs. Au RE) (Figure 2C 

and D). In the case of bare electrodes, the oxidation peak current increases linearly with 

the PAP concentration in the 5–160 µM range (Figure 2E). Differently, in the case of 

gelatin hydrogel modified electrodes, the electrochemical sensor shows a non-linear re-

sponse to increasing PAP concentrations. In general, for the same PAP concentrations, 

lower signals were recorded with gelatin hydrogel modified 2D electrodes compared to 

bare 2D electrodes. The limit of detection was found to be 0.1 µM and 5 µM at the bare 

and gelatin modified electrode, respectively (data not shown). These experimental find-

ings are in accordance with the literature, where attenuations in the anodic and cathodic 

currents from ferricyanide and ferrocene were observed in presence of 1.5 mm thick hy-

drogel layers at the surface of Pt microelectrodes [32]. The reason for the differences in 

the magnitude of current observed in the absence and presence of the hydrogel may be 

explained by the degree of blocking of the molecule-electrode surface interaction by the 

crosslinked gelatin hydrogel, thus affecting the electron transfer properties [33]. It should 

be noted, that both finite element simulations and preliminary experiments were per-

formed to ensure that the observed differences were not due to slower diffusion in the 

gels compared to pure buffer.  

As the electrochemical sensor was designed for cellular studies the electrochemical per-

formance of the bare and gelatin hydrogel modified 2D electrodes was investigated in 

presence of cell culture medium. Medium-based samples were prepared and the concen-

tration dependence of PAP oxidation peaks was evaluated. Representative square-wave 

voltammograms without and with gelatin hydrogel are shown in Figure 2F and G, respec-

tively. In both cases, the PAP oxidation peak current increases with the increment of PAP 

concentration (Figure 2H). In presence of culture medium, there are no significant differ-

ences between the electrochemical performance of bare and gelatin hydrogel modified 

electrodes. To evaluate the effect of the cell culture medium on the electrochemical meas-

urements, these results are compared to the ones for the same experiments performed with 

PBS-based samples (Figure 2E). No significant differences between the signals recorded 

at gelatin modified electrodes for PBS and cell culture medium conditions were observed. 
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However, the peak currents recorded at the bare electrodes under culture medium condi-

tion were significantly lower than those for PBS. The observed decrease in the electro-

chemical performance can be explained with the high serum content in the cell culture 

medium. It has been shown that the adsorption of serum proteins at charged electrode 

surfaces affects the interfacial electrode/electrolyte properties by hindering the kinetics 

of the electrode reactions [34]. This effect interferes with the electron transfer dynamics, 

thus reducing the electrochemical response towards any measured compound. In the case 

of gelatin hydrogel modified electrodes, the same protein adsorption phenomenon natu-

rally occurs with and without cell culture medium, as the main component of the hydrogel 

is denaturated collagen [35]. Consequently, the PBS-based samples on the gelatin hydro-

gel modified electrodes show a similar signal attenuation as the one observed for the gel-

atin hydrogel modified electrodes under culture medium condition. 

3.2 Electrochemical analysis of ALP activity of 3D Saos-2 cell cultures 

In order to evaluate the influence of the microenvironment on ALP activity, Saos-2 cells 

were cultured both on bare 2D electrodes (2D cell culture) and encapsulated in the gelatin 

hydrogel on modified 2D electrodes (3D cell cultures) (Figure 3A and B) at the density 

of 3x104 cells·cm-2 (well area = 0.5 cm2, total cell number = 1.5x104) and 1x106 cells·mL-

1 (Volume = 50 µL, total cell number = 5x104), respectively. ALP activity was electro-

chemically measured after 2, 4 and 8 days of culturing. Figure 3C shows representative 

SW voltammograms recorded at day 8 for Saos-2 cells cultured with and without gelatin 

hydrogel layer after 1 hour of incubation with PAPP. A baseline measurement was always 

recorded in PBS, before PAPP incubation. For both cases, the PAP oxidation peak cur-

rents were observed at the potential of 0.2 V ± 0.05 V (vs. Au RE). In order to verify that 

the oxidation peak currents originate from the PAP generated through catalytic hydroly-

zation of PAPP by the ALP expressed on the Saos-2 cells, control experiments were per-

formed using levamisole (Supporting information, Figure S1A and S1B). This pharma-

ceutical compound is an ALP inhibitor that should suppress PAP formation. Electrochem-
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ical measurements were performed after culturing 0.5x106 cells·mL-1 in the gelatin hy-

drogel on modified 2D electrodes for 2 days. SW voltammograms and averaged net cur-

rents after 1 hour levamisole treatment demonstrated a lower PAP oxidation peak (70% 

attenuation) in these measurements confirming that indeed peak currents reported in Fig-

ure 3 were correlated with ALP activity.     

Figure 3D shows development of the net peak current over time due to PAP formation 

and thus ALP activity recorded for 2D and 3D cell cultures. For 8 days of culturing, an 

increase in PAP oxidation peak currents for both the cells cultured on bare 2D electrodes 

and those encapsulated in gelatin hydrogel was observed. The observed increase of ALP 

activity for 2D cultures of Saos-2 cells was similar to results reported of a study by Hassan 

et al. where the increase of peak current has been validated using colorimetric assays [12]. 

However, significant differences between the electrochemical responses measured from 

cells in 2D cultures and 3D cultures were identified.  

Initially approximately three times the number of cells were encapsulated in the gelatin 

hydrogel compared to the cells seeded on bare electrodes (5x104 vs. 1.5x104, respec-

tively). This was chosen because the proliferation rate tends to decrease for very low cell 

concentrations in 3D cultures and the risk for cell apoptosis increases. Two days after cell 

seeding, the peak currents were 9 µA and 1.25 µA for 3D and 2D cell cultures, respec-

tively. This means that the difference of the initial number of cells alone is insufficient to 

explain the higher ALP activity in 3D cultures. The morphological differences of cells 

cultured in 2D and 3D environments (typically flattened and rounded, respectively) ap-

parently result in a difference in the amount of plasma membrane, and thus ALP, exposed 

to PAPP incubation. It can be assumed that the 2D environment of the bare electrodes 

hinders half of the cell membrane to interact with the PAPP due to cell adhesion to the 

electrode surface. This considerably lowers the peak current compared to the 3D environ-

ment, where cells are fully exposed to the medium, indicating that 2D cell culturing even-

tually underestimates the effective ALP activity.    

In order to further correlate ALP activity with cell numbers, Saos-2 cells were encapsu-

lated in gelatin hydrogel on 2D electrodes at densities of 0.5x106, 1x106 and 2x106 

cells·mL-1 (Volume = 40 µL, total cell number = 2x104, 4x104 and 8x104). ALP activity 
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was measured by SWV 2 days later. Figure 3E shows representative SW voltammograms 

recorded for the different cell densities. The PAP oxidation current was perfectly corre-

lated with the cell density as shown in Figure 3F. A higher the seeding density resulted 

in a larger oxidation current measured after incubation with PAPP corresponding to a 

higher ALP activity.  

For cells cultured for 2 and 4 days on bare electrodes a clear correlation between cell 

proliferation and increased PAP oxidation current was observed considering that Saos-2 

doubling time is approximately 48 hours in 2D cultures [36,37] (Figure 3D). In fact, the 

average recorded net current increased from 1.25 µA at Day 2 to 2.5 µA at Day 4, while 

the total cell number should increase from 1.5x104 to 3x104. Between Day 4 and Day 8 

cells reached confluence (data not shown) and variations in PAP oxidation currents de-

pend on other factors such as osteoblastic differentiation processes. In the case of cells 

encapsulated in gelatin hydrogel on modified electrodes this correlation was not ob-

served, as it was impossible to reach confluency. The recorded current changed from 9 

µA at Day 2 to 13 µA at Day 8. It is recognized that the proliferation time for cells en-

capsulated within an ECM matrix is slower than for those cultured on 2D surfaces [21]. 

However, the signal recorded at Day 8 (13 µA) was lower than the theoretical value (23 

µA) expected after only one duplication (Figure 3F). Therefore, the electrochemical 

measurements could lead to the conclusion that Saos-2 cells encapsulated in the hydrogel 

did not even complete one full duplication cycle within 6 days. By analyzing fluorescence 

micrographs of live/dead dye-stained Saos-2 cells encapsulated in the gelatin hydrogel 

multi-cell structures were observed at Day 8 (Figure 3G). It is assumed, that these are 

spheroids predominantly grown by division of single cells initially seeded in the hydrogel, 

because cell migration and aggregation are obstructed by the hydrogel matrix. Therefore, 

the size of the spheroids is rather small (diameter below 50 µm after 8 days of culturing) 

and they display a relatively compact spherical structure. In mammalian cells ALP is 

mainly localized on the cell plasma membrane [38] and the amount of ALP freely acces-

sible for conversion of PAPP is expected to decrease when spheroids are formed. There-

fore, the slower increase of the recorded PAP oxidation signal for longer culturing periods 

might be explained by the combination of a longer cell doubling time (between Day 2 
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and Day 4) and the onset of spheroid formation (between Day 4 and Day 8). Additionally, 

lower currents recorded for the 3D cell cultures can also be attributed to the influence of 

the 3D environment (i.e. gelatin hydrogel) on the ALP activity. It has been shown that a 

3D culture environment can significantly affect osteogenic differentiation as well as the 

production of osteogenic markers such as ALP [39].  

3.3 Electrochemical analysis of ALP activity with 3D microelectrodes 

Three-dimensional microstructured electrodes were used to evaluate their potential for in 

situ electrochemical monitoring of 3D cell cultures. For this purpose, Saos-2 cells were 

encapsulated at the density of 1x106 cells·mL-1 in the gelatin hydrogel and deposited on 

3D electrodes with suspended carbon microstructures (Figure 4A). ALP activity was elec-

trochemically measured after 2, 4 and 8 days of cell culturing and compared with the 

values obtained with flat 2D electrodes modified with gelatin hydrogel (Figure 4B). Fig-

ure 4C shows representative SW voltammograms recorded at Day 2 and Day 8 for 3D 

Saos-2 cell cultures on 2D and 3D electrodes, before and after 1 hour incubation with 

PAPP. The PAP oxidation peak currents measured with the 3D micro structured elec-

trodes were observed at the potential of 0.25 V ± 0.05 V (vs. Au RE). The development 

of the net peak current over 8 days is shown in Figure 4D. A similar increase in PAP 

oxidation peak currents was observed for both gelatin modified flat 2D and microstruc-

tured 3D electrodes. The values recorded with the 3D electrodes were 2.2 ± 0.1 fold 

higher than those recorded using the 2D ones. A calibration curve was established to cor-

relate the net current change due to PAP oxidation to ALP activity. Different concentra-

tions (in the range 0.01-1.5 U·mL-1) of ALP were included in the gelatin hydrogel on the 

electrodes. SW voltammograms related to ALP activity were recorded after incubation of 

5 mM PAPP for 1.5 hours for both 2D (Figure 4E) and 3D electrodes (Figure 4F). Aver-

aged net peak currents related to different ALP activities are presented in Figure 4G. A 

linear correlation between peak currents and ALP concentration was found for both flat 

and microstructured electrodes. In this case, the current values recorded with the 3D elec-

trodes 1.9 ± 0.2 fold higher compared to the 2D electrodes. The minimum enzyme activity 
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which could be measured in this system was 0.01 U·mL-1 (data not shown). As shown in 

Figure 4H, it was then possible to use the calibration curve to quantify and relate PAP 

oxidation peak currents (Figure 4D) to ALP activity. The results show that comparable 

values were recorded with the two different types of electrode indicating that the investi-

gated electrode geometry is not significantly influencing cell proliferation and maturation 

in the 3D culture.  

To evaluate the approximately 2 fold increase in the electrochemical signal when using 

microstructured electrodes, the overall electrode surface area was considered. 2D and 3D 

electrodes have an estimated surface area of 12.6 mm2 and 21.2 mm2, respectively [31]. 

The ratio between the two surface areas is approximately 1.7. The observed increase of 

the peak current can therefore be explained by the Randles-Sevcik equation where the 

peak current is linearly correlated with the electrode area [40]. The sensitivity of the mi-

crostructured electrodes for ALP activity measurements calculated based on the calibra-

tion curves in Fig.4G (15.4 µA·U-1·mL) was approximately 1.9 fold compared with the 

value for flat electrodes (8.2 µA·U-1·mL). The same applies to the background noise, 

which also linearly increased with the increase of the surface area. More specifically, the 

background current values measured in PBS at 0.25 V ± 0.05 V (vs. Au RE) were found 

to be 1.92 µA ± 0.37 µA and 3.57 µA ± 1.2 µA for the 2D and 3D electrodes, respectively. 

After normalization with the electrode surface area, the sensitivity of the microstructured 

electrodes for ALP activity measurements (0.73 µA·U-1·mL·cm-2) was comparable with 

the value for flat electrodes (0.65 µA·U-1·mL·cm-2). For measurements with 3D cell cul-

tures, the ratio between electrochemical signals for 3D electrodes and flat electrodes was 

with a 2.2 fold increase even slightly higher than for the ALP calibration experiments, 

which is also reflected in the higher ALP activities reported for 3D electrodes in Figure 

4H. This could indicate a higher ALP activity for cells in the bulk of the hydrogel com-

pared to cells at the bottom, and an advantage of 3D electrodes for capturing the PAP 

produced in the 3D cell culture. However, given that differences are small a definite con-

clusion would require further investigation. In summary, due to the higher net peak cur-

rent values, the use of microstructured electrodes can offer advantages for an improved 

detection of small variations of electrochemical signals in 3D cell cultures.  
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3.4 Electrochemical analysis of ALP activity during spheroid formation 

To further investigate the influence of spheroid formation on ALP activity measurements, 

Saos-2 cells were encapsulated at a cell density of 5x106 cells·mL-1 in the gelatin hydrogel 

and deposited on 3D micropillar electrodes. The high cell number was chosen to obtain a 

cell density that could facilitate spheroid formation after a shorter time. For this experi-

ment, two designs of 3D microelectrodes with high aspect ratio micropillars were used. 

The height of the micropillars was 225 µm, which was comparable to the final thickness 

of the hydrogel (300 µm), and therefore should allow in situ analysis of ALP activity in 

the complete 3D cell culture. Electrochemical ALP activity measurements were per-

formed after cell culturing for up to 3 weeks. Figure 5A shows the development of the 

net peak current over time measured at Day 7, 14 and 21 using the electrochemical assay. 

During the 3 weeks of cell culturing, a decrease in PAP oxidation currents was observed 

corresponding to a decrease in ALP activity. This decrease was more easily monitored 

for the electrodes with dense arrays of micropillars (design 2 - Figure 5B) due to the 

higher surface area of the electrodes. The peak currents were approximately 2 fold larger 

compared to the sparse array of micropillars, which corresponds well to the 1.7 fold in-

crease in surface area. A Live/Dead assay was performed to assess cell viability and pro-

liferation within the hydrogel and to correlate imaging with ALP activity measurements. 

Figure 5C-E show representative fluorescence micrographs acquired at Day 7, 14 and 21. 

It was observed that at Day 7 Saos-2 cells had already started forming spheroids. After 

Day 14 the pronounced spheroid formation in the hydrogels indicated extensive cell pro-

liferation and self-aggregation activity. 

ALP activity can be correlated to the cell density and the maturation stage of the cell 

culture [11,41]. It was shown that 2D monolayers of Saos-2 and MBA-15 bone marrow 

stromal cells present low ALP activity levels after seeding at low density which then 

increase during proliferation until reaching a plateau at confluence [11,12]. The experi-

ments with Saos-2 culturing for up to 8 days discussed above confirmed this trend also 

for 3D cell cultures. For the prolonged cell studies with initial cell seeding at higher den-

sities reported in Figure 5, the electrochemical assay with the 3D micropillar electrodes 
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identified a net decrease of ALP activity during the 3 weeks of Saos-2 cell cultivation 

within gelatin hydrogels. In longer cultures, proliferation decreases and maturation or 

other mechanisms dominate. Several studies reported a gradual decrease of ALP activity 

for prolonged culturing of Saos-2 cells in 2D cultures, which was associated with matu-

ration and progress of osteogenic differentiation [12,42,43]. Similarly, a decline of ALP 

activity was identified for spheroids formed by other cell types such as mesenchymal 

stem cells showing osteogenic differentiation [44]. Arai et al. analyzed ALP activity in 

individual mouse embroid bodies and co-culture spheroids of embryonic stem cells by 

scanning electrochemical microscopy (SECM). Their results indicated that the overall 

PAP production predominately originated from the ALP located at the outer surface of 

3D cell aggregates probably due to hindrance of PAPP mass transfer to the inner core of 

the spheroids and limited access to membrane bound ALP due to neighboring cells [28]. 

This might further limit the ability to measure ALP activity for prolonged cell culturing 

and spheroid formation in the hydrogel. In conclusion, several parameters play a key role 

in ALP activity measurements, including number of cells, proliferation rate, differentia-

tion stage, spheroid size and enzymatic substrate permeation within. As a result, determi-

nation of ALP activity within a densely populated construct can be complicated to 

achieve.  

 
4 Conclusions 
In this experimental study, we presented a specifically designed approach to integrate 3D 

cell cultures into an electrochemical sensor platform. The system consisted of a gelatin 

hydrogel-based 3D tissue construct cast on a microfabricated three-electrode chip with 

pyrolytic carbon electrodes. An electrochemical assay for monitoring and quantification 

of ALP activity was adapted and optimized to 3D cell culture formats. Studies were car-

ried out to follow proliferation and differentiation of Saos-2 cells cultured both on bare 

2D electrodes and encapsulated in gelatin hydrogels deposited on the 2D electrodes. Sig-

nificant differences for cell cultured in a 3D hydrogel environment in terms of cell pro-

liferation and ALP activity were observed compared to conventional 2D cell culture mod-

els. The results indicate that traditionally used 2D cell culturing seems to underestimate 
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ALP activity due to the fact that a significant part of the cell membranes is in contact with 

the cell substrate and therefore not accessible for hydrolysis of organic compounds. Long 

term cell culture in densely populated hydrogels demonstrated strong dependence of the 

recorded electrochemical signals on cell number, proliferation rate, differentiation stage 

and spheroid formation. Furthermore, the results support earlier findings where cell pro-

liferation was slower in 3D environments compared to 2D cell cultures. For 3D micro-

structured electrodes higher net peak currents were recorded indicating that their use 

could be advantageous for the detection of small variations in the electrochemical signals. 

The analysis of ALP activity with 3D micropillar electrodes penetrating into the full depth 

of the 3D hydrogel cell culture resulted considerable increase of peak currents for a higher 

number of micropillars. The proposed device could represent an ideal system to overcome 

the challenges for in situ monitoring of changes and fluctuations in complex 3D environ-

ments and serve as intelligent cell scaffold in in vitro studies. Moreover, this approach 

opens up for the possibility to develop more biomimetic systems for drug screening and 

thus, to obtain more predictive data for in vivo responses. 
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Figure 1: 

 
Figure 1: A) Electrode chip with counter, reference and microstructured 3D working electrode with Saos-2 cells; scale 
bare 20 µm; B) Schematic illustration of the samples used in the study. Top-left: 2D cell culture on the bare 2D electrode 
surface; cells encapsulated in the 3D gelatin hydrogel on the flat 2D electrode (top-right), the microstructured 3D elec-
trode (bottom-left) and the 3D micropillar electrode (bottom-right); C)-D) Schematic illustration of the electrochemical 
assay: Saos-2 cells cultured on/nearby the electrode express ALP on the surface of their cellular membrane. ALP hy-
drolyses the substrate PAPP with release of PAP. The oxidation of PAP to QI is carried on during a potential scan in 
SWV that generates an oxidation peak current used as signal. E) Photograph of an electrode chip modified with gelatin 
hydrogel. The final hydrogel thickness was 300 µm. 
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Figure 2: 

 
Figure 2: Schematic illustration of the electrochemical measurements performed A) on the bare 2D working electrode and 
B) on the gelatin hydrogel modified 2D working electrode. PAP is added in the electrochemical system and the oxidation of 
PAP to PQI is imposed by a potential scan in SWV which generates an oxidation peak current used as signal. Representative 
SW voltammograms for different concentrations of PAP on C) bare and D) gelatin hydrogel modified electrodes, after 24 h 
incubation in PBS. E) PAP calibration curves for both bare and gelatin hydrogel modified electrodes after 24 h incubation 
in PBS. F) and G) Representative SW voltammograms for different concentrations of PAP on C) bare and D) gelatin hydro-
gel modified electrodes, respectively, after 24 h incubation in cell culture medium. H) PAP calibration curves for both bare 
and gelatin modified electrodes after 24 h incubation in cell culture medium. Data are presented as mean ± standard devia-
tion (n=3) 
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Figure 3: 

 
Figure 3: Schematic illustration of the electrochemical assays: Saos-2 cells are A) encapsulated in the gelatin hydrogel de-
posited on the 2D electrode and B) cultured on the bare 2D electrode. Cells express ALP on the surface of the cellular 
membrane. ALP hydrolyses the substrate PAPP with release of PAP. The PAP is oxidized to QI during a potential scan in 
SWV that generates an oxidation peak current used as signal. C) Representative SW voltammograms recorded at Day 8 for 
Saos-2 cells cultured with and without gelatin hydrogel after 1 hour of incubation with PAPP; cell density 3x104 cells cm-2 
(no gel) and 1x106 cells mL-1 (gel). Baseline measurements were recorded in PBS, before PAPP incubation. D) Development 
of the net peak current due to PAP oxidation. E) Representative SW voltammograms recorded for different cell densities at 
Day 2. F) Net peak current recorded in 3D cell cultures with different initial cell densities at Day 2. G) Live/Dead confocal 
microscopy of Saos-2 cells encapsulated in the gelatin hydrogel at cell density 1x106 cells mL-1 on Day 8 showing cell viability; 
the arrows highlight spheroid formation (scale bar: 250 µm). Data are presented as mean ± standard deviation (n=3). 
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Figure 4: 

 
Figure 4: Schematic illustration of the electrochemical assays: Saos-2 cells are encapsulated in gelatin hydrogel deposited 
on A) flat 2D electrodes and B) 3D microstructured electrodes at cell density 1x106 cells mL-1. C) Representative SW volt-
ammograms recorded at Day 2 and Day 8 for Saos-2 cells cultured on the 2D and 3D electrodes after 1 hour incubation with 
PAPP. Baseline measurements were recorded in PBS, before PAPP incubation. D) Development of the net peak current due 
to PAP formation. Schematic illustration of the assay used for ALP calibration curves: ALP was encapsulated in gelatin 
hydrogel deposited on E) 2D electrodes and F) 3D microstructured electrodes. After 1 hour incubation with PAPP, oxidation 
of PAP is achieved using SWV. G) ALP calibration curves obtained using 2D and 3D electrodes. H) Development of ALP 
activity calculated using the ALP calibration curves. Data are presented as mean ± standard deviation (n=3). 
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Figure 5: 

 
Figure 5: A) Development of the net peak current due to PAP formation and oxidation to PQI on 3D micropillar electrodes 
with two different designs; cell density 5x106 cells·mL-1. B) SEM image of 3D carbon working electrode with 284 micropillars 
and 64 micropillars (inset); Scale bar: 500 µm. C-E) Live/Dead confocal microscopy of Saos-2 encapsulated in the gelatin 
hydrogel on Day 7, 14 and 21, respectively, showing spheroid formation, size and viability (scale bar: 250 µm). 
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