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Zusammenfassung 

In der Forschung nach Sensoren hat das Multiplex-Übertragungssystem immer mehr 

Aufmerksamkeit auf sich gezogen, da es mehr Informationen des zu überprüfen 

Objekts gleichzeitig erfassen kann, wodurch die Überprüfungsseffizienz erheblich 

verbessert wird. In dieser Arbeit verwirklichte eine auf einer selbstgebauten 

(homebuilt) photoelektrochemischen (PEC) basierenden Sensorelektrode unter der 

Lichtadressierungsoperation gleichzeitige Überprüfung von zwei Enzymsubstraten. 

Mit Hilfe einer isolierenden selbstorganisierten Schicht (trans-4,4'-Stilbenedithiol) 

werden CdSe/ZnS-Kern/Schale-Quantenpunkte (QDs) auf der 

Goldelektrodenoberfläche selbstorganisiert, um eine Sensorelektrode (QD-Elektrode) 

aufzubauen. Nur wenn Licht an die Elektrode angelegt wird, wird ein Fotostrom 

(photocurrent) erzeugt, wenn kein Licht vorhanden ist, wird kein Fotostromsignal 

erfasst. Glucoseoxidase (glucose oxidase) oder Sarsosin-Osidase (sarsosine osidase) 

ist an der QD-Elektrode selbstorganisiert, was den Überprüfung von Glucose bzw. 

Sarcosin ermöglicht. Auf dieser Basis werden Glucoseoxidase und Sarcosinoxidase 

gleichzeitig auf derselben Elektrode selbstorganisiert und bilden unterschiedliche 

unabhängige Sensorarrays kleiner Größe, wodurch der gleichzeitige Überprüfung von 

zwei Analyten mit einer Elektrode erreicht wird . Der Überprüfungsvorgang der 

parallele Überprüfung der beiden Analyten, wird durch den sich auf der 

Elektrodenoberfläche bewegenden Laserspot (Durchmesser 0,3 mm) gesteuert und 

der Nachweis erfolgt in drei Lösungen (Mischlösung aus Glucose, Sarcosin, Glucose 

und Sarcosin) kann die Enzymreaktion nur dort nachgewiesen werden, wo der 

Lichtfleck scheint.Wenn am Ende zwei Arten von Testobjekten gleichzeitig existieren, 

können sie die gegenseitige Interferenz überwinden und gleichzeitig von einem 

Sensorchip erfasst werden. Zusätzlich verwendeten wir die Photocurrent-Imaging-

Technologie, um die Größe eines einzelnen Enzymarrays in x- und y-Achsenrichtung 

zu charakterisieren und die Größe ist 1,9 mm * 1,3 mm. Darüber hinaus wurde durch 

kontinuierliche Überwachung des Photostroms die Verteilung der Enzymaktivität auf 

einem einzelnen Enzymarray erfolgreich charakterisiert. Andereerseits versuchen 

diese Arbeit die Photoelektrochemie (Nanoenzym) durch Forschung nach 

Nanoenzymen (Nanoenzym), ob die Nanoenzyme im System (PEC) natürliche Enzyme 

und Quantenpunkte (QD) ersetzen können, um die Mängel natürlicher Enzyme wie 

die einfache Deaktivierung und den hohen Preis zu beheben und die durch diese 
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Mängel verursachte Instabilität des Photostroms zu vermeiden. CeO2-Nanozyme 

haben nicht nur katalytische Eigenschaften für H2O2, sondern auch photoelektrische 

Eigenschaften als Halbleitermaterialien. Daher können CeO2-Nanopartikel etwas 

Wasserstoffperoxidreduktase (H2O2-Reduktionsenzym) ersetzen und können sich auf 

der Elektrode assemblieren, um einen Photostrom zu erzeugen. Auf dieser Basis 

haben wir in diesem Artikel die Forschung nach heterogener (hybrider) Au / CeO2-

Schale/Kern-Nanomaterialien eingeführt, um die Photostrom-

Verstärkungstechnologie weiter zu untersuchen. Im Vergleich zum Photostrom 

gewöhnlicher CeO2-Nanomaterialien ist der Photostrom heterogener Au/CeO2-

Nanomaterialien in PBS und H2O2 erhöht, was zeigt, dass die heterogenen 

Nanomaterialien bessere katalytische und photoelektrische Eigenschaften aufweisen. 

Die Photostromergebnisse unter verschiedenen Wellenlängen von 

monochromatischem Licht (Wellenlängenabhängigkeit) beweisen, dass der Au-Kern 

eine wichtige Rolle bei der Verbesserung des Photostroms heterogener 

Nanomaterialien spielt. Durch die Einführung einer Mischung aus Goldnanopartikeln 

(AuNP) und CeO2 NP und den Vergleich ihres Photostroms mit dem 

Photostromverstärkungseffekt heterogener Nanomaterialien (Au/CeO2) spielt die 

Goldhalbkontaktschnittstelle (Halbleiter-Metall) eine Rolle im Photostrom Der 

Verbesserungseffekt wurde ebenfalls verifiziert. Schließlich wird die Schicht-für-

Schicht-Technologie (LBL) eingesetzt, um die katalytischen und photoelektrischen 

Eigenschaften von CeO2-Nanomaterialien und Au / CeO2-Nanomaterialien weiter zu 

verbessern. Dies liegt daran, dass LBL die Bedeckung des Nanomaterials auf der 

Elektrodenoberfläche verbessern kann, so dass schließlich eine gute H2O2-

Nachweisgrenze (3 uM) erreicht wird und der lineare Nachweisbereich 2-1000 uM 

beträgt.  
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Abstract 

In the effort to improve sensors, the development of multiplex sensing systems is an 

important trend because this type of system significantly improves the sensors’ 

efficiency by obtaining more information at one time. In this cumulative dissertation, 

light-directed multiplex detections of different substrates were realized based on a 

homebuilt photoelectrochemical (PEC) electrode. To fabricate the electrode, 

CdSe/ZnS core/shell quantum dots (QDs) were immobilised on a gold (Au) electrode 

using an insulating self-assembly-monolayer (SAM) of trans-4,4′-stilbenedithiol, 

resulting in a light-triggered photocurrent when light is applied and no photocurrent 

when the light is turned off. Afterwards, enzymes of glucose oxidase (GOx) or 

sarcosine oxidase (SOx) were immobilised on the surface of the QD-electrode to 

detect glucose and sarcosine, respectively. Based on those results, the GOx and SOx 

enzymes were immobilised on a single chip together as discrete and small-sized 

sensing arrays to selectively detect glucose and sarcosine at the same time. The 

parallel detections were triggered and controlled by moving a localised laser pointer 

(0.3 mm) over the sensing arrays in different analytes (glucose, sarcosine, the mixture 

of glucose and sarcosine). Eventually, two substrates can be detected with single chip 

simultaneously, overcoming the interference from each other. Moreover, a 

photocurrent imaging technique was used to characterise the spatial size of a single 

enzyme array in both the x- and y-direction as 1.9 mm × 1.3 mm. It was also possible 

to visualise the enzymatic activity distribution of the single enzyme array using 

continuous photocurrent measurement.  

Furthermore, to overcome the disadvantages of a natural enzyme, such as easy 

inactivation and high cost, also to improve the photocurrent stability brought by the 

disadvantages, another study was conducted for this dissertation, attempting to 

study if a nanozyme can replace the natural enzyme and QDs. CeO2 nanozyme 

nanoparticles (NPs) have both mimicking catalytic activity towards H2O2 reduction 

and photoelectrical properties as semiconductor, so CeO2 can replace the H2O2 

reduction enzymes and single-layer CeO2 NPs can be immobilised to generate the 

basic photocurrent on the PEC electrode. Based on that, technique of photocurrent 

enhancement was studied by introducing hybrid Au/CeO2 core/shell NPs in this 

dissertation. The photocurrent of Au/CeO2 was significantly enhanced in both 

phosphate buffer solution (PBS) and H2O2, indicating that the hybrid NPs have better 
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catalytic and photoelectrical properties than the pure CeO2 NPs. Wavelength 

dependent measurements were used to verify that the Au core plays an important 

role in the photocurrent enhancement of hybrid NPs. By introducing a mixture of 

CeO2 NPs and Au NPs and comparing with hybrid Au/CeO2 NPs, the effect of 

semiconductor-metal interface on the photocurrent enhancement was also verified. 

Furthermore, a layer-by-layer (LbL) technique was applied to both the CeO2 NPs and 

the hybrid Au/CeO2 NPs to further enhance the catalytic and photoelectrical 

properties by creating more NP coverage, resulting in good H2O2 detection limit of 3 

μM with a linear detection range of 2–1000 μM. 



 

7 

 

1. Preface 

Sensor arrays, located in a geometric pattern, can obtain more sensing parameters 

when a group of sensors are integrated to a single chip. However, each array needs 

individual wires to collect the localised signals, which is wiring complexity, expensive, 

hard to maintain and technically challenging.[1, 2] To solve this problem, research 

groups around the world began to study sensing devices in which the signal can be 

collected at active places controlled by moving the localised illumination, thereby 

successfully avoiding the use of multiple wires. One type of device, a light-

addressable potentiometric sensor (LAPS) can monitor the photo response 

(photocurrent or photovoltage) when light is applied to the semiconductor surface 

inducing charge carriers generating and transferring. LAPS has typical structures 

either a metal–insulator–semiconductor (MIS) or a electrolyte–insulator–

semiconductor (EIS) structure.[3, 4] In detail, when a light beam is scanned across the 

discrete sections of the semiconductor surface, it is possible to obtain the photo 

signal from the different active regions that are illuminated.[5] LAPS devices show 

great potential for sensing applications for pH[6], H2[7], ions[8], enzyme substrates[9], 

lipid membranes[10] and serotonin[11], as well as cell monitoring [12, 13]. 

However, spatial resolution is a key parameter in LAPS systems, and it still needs to 

be improved. Spatial resolution mainly depends on the minimum bulk length of the 

charge carrier diffusion inside the semiconductor wafer.[5] In other words, it is 

limited by how far the charge carriers can laterally move, and the photo signal can 

only be detected in the active range where the charge carriers are available.[1, 14, 

15] Thus, in the present study, the spatial resolution was improved by replacing the 

semiconductor wafer with discrete semiconductor nanoparticles (NPs), which can be 

seen as independent individuals with no electrical connection.[1]  

Today, the construction of light-switchable electrodes using NPs, such as quantum 

dots (QDs),[1] carbon dots (CDs),[16] gold nanoclusters (AuNCs),[17] dyes[18, 19] and 

halide perovskites (HPs), is a hot topic[20]. In this work, discrete QDs were 

immobilised on the Au electrode (AuE) as the semiconductor component of the LAPS 

system with the help of a self-assembly monolayer (SAM). These electrodes also have 

flexible optical absorption properties and multiple functionalities to meet the needs 
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of the light source and the analytes, which makes the electrodes can be used in a lot 

of applications. 

In the study discussed in this paper, the AuE/QDs semiconductor electrode was 

measured using a homebuilt photoelectrochemical (PEC) set-up the obtain the 

electrical photocurrent output. As a famous photovoltaic conversion platform, PEC 

devices have been used for many applications, including solar cells[21], water 

splitting[22] and biological sensors[23]. Derived from electrochemistry, a PEC system 

has s lower detection limit, a larger detection range and higher sensitivity than other 

devices, is also has a better signal-to-noise ratio because no photocurrent can be 

generated in the dark due to the insulated SAM. A PEC device is usually based on a 

photoactive electrode (QDs electrode) that generates electron carriers, and the 

photocurrent can be collected with the help of the potential. In detail, the electron-

hole pairs generated in the QDs under illumination result in the transfer of free 

electrons among the electrode, the QD, the electrolyte and the analyte. The final 

photocurrent is based on the competition of four electron transfer processes: (i) from 

the QD conduction band (CB) to the electron acceptor in the electrolyte, (ii) from the 

electron donor in the electrolyte to the QD valance band (VB), (iii) from the electrode 

to the VB of QD, and (iv) from the CB of QD to the electrode. Eventually, after the 

competition, the cathodic photocurrent can be collected using stepwise electron 

transfer from the AuE to the QD and then to the electron acceptor in the electrolyte; 

then, the anodic photocurrent travels in the opposite direction from the electron 

donor to the QD and then to the electrode. The photocurrent is also affected by the 

inevitable electron-hole recombination with fluorescence emission and potential 

polarity applied on the AuE. The cathodic and anodic potentials favour the electron 

transfer from and to electrode, respectively.  

Based on the NP-electrode mentioned above, previous studies have also investigated 

building a functional sensing electrode using antibodies,[24] DNA,[25, 26] lectin,[27] 

molecular-imprinted polymers,[28, 29] and enzyme substrates[30, 31]. The sensing 

mechanism of these related PEC-electrodes can be summarised as follows: (i) direct 

detection with electron transfer from the PEC-electrode to the redox analytes (for 

example, Stoll et al. used the PEC QD-electrode to directly detect cytochrome c),[32] 

(ii) indirect detection using redox mediators (for example, Riedel at el. introduced 

hexacyanoferrate (II)/(III) mediators to detect fructose with electron transfer from 

the enzyme to the PEC QD-electrode via mediators)[30] and (iii) indirect detection of 
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the substrates using the by-product of the enzyme reactions (for example, Tanne at 

al. successfully detect glucose via the by-products O2 of glucose oxidase[33]. 

However, these studies were usually based on a fully covered electrode, so the 

detection of the electron transfer via a miniaturised biological array has not been 

verified.[30, 34, 35] Moreover, the parallel read-out from more than one kind of 

enzymes immobilised on a single electrode has not been realised in a PEC system, yet. 

Although multiplexed PEC detection of two DNA sequences has been shown by Zheng 

at al.,[36] that study used wavelength-resolved illumination so it was difficult to 

detect more than two analytes. 

To overcome this, the study discussed in this paper used single illumination and we 

immobilised two small enzyme arrays of glucose oxidase (GOx) and sarcosine oxidase 

(SOx) on a single PEC QD-electrode. The miniaturised and active enzyme arrays were 

used to detect two substrates (glucose and sarcosine), simultaneously. Moreover, the 

size and activity distribution of the enzyme array were characterised using a 

photocurrent imaging technique. This set-up not only offers a method for improving 

the spatial resolution of the original LAPS system, it is also a very promising way to 

develop multiplex detection for more than two substrates at the same time 

overcoming the interference for each other.  

However, there are still disadvantages in the enzyme-based sensor mentioned above 

that should not be neglected. First, the activity of a natural enzyme is easily changed 

based on the storage and measurement conditions, such as temperature and pH. 

Second, the process of immobilizing the enzyme on the QD-electrode may increase 

the chance of inactivating it. Finally, the photocurrent amplitude of the QD-electrode 

is small (around 1 nA), making it difficult to obtain a good detection limit with poor 

practicability. To overcome these disadvantages, in this paper, we used nanozyme 

(CeO2 NPs) with both light-triggered semiconductor properties and the ability to 

mimic the catalytic properties of a natural enzyme. The combination can effectively 

simplify the enzyme immobilisation step and overcome its disadvantages of 

instability and cost. Furthermore, we studied the increase in the photocurrent using 

hybrid Au/CeO2 core/shell NPs and the layer-by-layer (LbL) technique. We found that 

the photocurrent was significantly enhanced by the localised surface plasmon 

resonance (LSPR) of the metal core and the increase in the number of NPs 

immobilised on the electrode.  



 

10 

 

2. Sensing System 

In this section, several of the most common sensing systems are summarised and 

compared, including optical sensors, potentiometric sensors and amperometric 

sensors. Their advantages and disadvantages are stated, and the reasons we choose 

the PEC sensing system in this paper is discussed. 

2.1 Optical sensing system 

 

Figure 1. Diagram of an optical sensing system. Ref [37] copyright 2013 MDPI. 

 

All of the sensing systems contains a circuit module, a signal processing module and 

a front-end signal transducer module. For example, Figure 1 shows the structure and 

working process of an optical transducer sensing system.[37] When the analytes is 

interact with the transfer module (biorecognition molecules), their biochemical 

information (analogue signal) in the solution can be transferred successfully to the 

electrical signal (digital signal). Different optical signal transfer modules have been 

reported in the past several decades, such as fluorescence spectroscopy,[38] optical-

fiber,[39] surface-enhanced Raman scattering (SERS)[40] and surface plasmon 

resonance (SPR)[41]. These modules have been used to achieve several sensing 

applications, including systems for detecting pH, DNA, antibodies and ions; their 

advantages include their high sensitivity and rapid response. However, these systems 

still have some disadvantages that cannot be ignored. First, the size of their set-ups 

is usually large or extra-large, and they require an expensive light source and a 

complex optical path. Thus, they are not easy to operate and it is difficult to convert 

them into marketable products. Moreover, to some extent, their results are not 
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stable and they can be affected by unknown factors, for example, in the most often 

used fluorescence assay, the intensity of the spectroscopy can be decreased or 

shifted by continuous measurements and other external conditions.[42] In the study 

presented in this paper, the future task is to build a portable multiplex device or an 

implanted miniaturised system, so an optical system is not suitable and did not select 

in this paper. 

2.2 Potentiometric sensing system 

In addition to the optical systems, other potentiometric strategies can be used to 

transfer signals from analytes into electrical signals, such as the most widely used ion-

sensitive field-effect transistor (ISFET) technique.  

 

 

Figure 2. Diagram of an ISFET-based biological sensing system. Ref [43] copyright 2017 Elsevier. 

 

The history of the ISFET potentiometric device can be traced back to the 1970s.[44] 

Based on the metal-oxide-semiconductor FET (MOSFET) technique, the metal gate of 

the MOSFET was replaced with a special unit composed of an ion-sensitive film, an 

electrolyte, and a reference electrode to fabricate a new ISFET device.[43] In the past 

thirty years, ISFET devices have been used to detect many targets, including DNA, 

antigens, ions, and enzymatic substrates (Figure 2), and their sensing mechanism can 

be described as follows. When different analytes interact with the ISFET sensing film, 

the charge distribution on the gate reaches a new balance. This changes of surface 
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potential of the ISFET gate. With the help of an external circuit, the change in the 

surface potential can be reflected by the change in the threshold voltage to be 

collected.  

Generally, the application of an ISFET device be adjusted by the gate materials that 

are selected. For example, when pH is detected, different semiconductor materials, 

including SiO2, Si3N4, Al2O3, can be used to fabricate the gate on which there are 

binding groups (Si-O and Si-NH2) for the protons.[45, 46] By further modifying the 

ISFET gate, different types of molecules such as glucose and proteins, can also be 

detected.[47] ISFET has excellent properties; for example, it is water-proof and acid 

and alkali resistant, and it has a rapid response and seamless integration.[43] 

Moreover, ISFET is very small, so that it has the potential to be implanted into 

patients or used as a portable or wearable device for long-term continuously 

monitoring.[47, 48] 

However, before its use is promoted, several problems must be overcome. In most 

case, ISFET device does not have a strong response to uncharged targets, especially 

small molecules, because only charged molecules can change the surface potential 

of the gate. Furthermore, the Debye screening of ISFET further limits its ability to 

recognise small uncharged molecules especially in high ion solutions.[47] When an 

ISFET device is implanted in an in vivo environment, the ion concentration cannot be 

diluted or adjusted. Most importantly, it is not easy to develop ISFET devices into 

multiplex sensors to detect multiple analytes at the same time because many wires 

are needed to integrate them into fabricated device, such as sensing arrays, which is 

very costly and technique challenging. Thus, ISFET devices are not suitable for the 

project conducted in our study. 

2.3 Amperometric sensing system 

2.3.1 Electrochemical sensing system 

Besides the potentiometric method, the amperometric ones is also widely used with their 

own characteristics. 
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Figure 3. (a) The potential applied between electrodes in electrochemical system for the cyclic 

voltammetry method. (b) The representative electrochemical cyclic voltammetry curve (6 mM 

K3Fe(CN)6 in 1 M KCl, 50 mV/s). Ref [49] copyright 1983 American Chemical Society. 

 

In the past 20 years, as the development of nanomaterials, the study of NPs gradually 

shifted from the liquid phase (such as fluorescence spectroscopy) toward 

immobilisation phase on an interface in the past twenty years.[23, 30, 50, 51] As a 

classic technique for electrode-based study, electrochemistry has been developed to 

effectively convert physical, chemical and biological information into electrical signals 

to be analysed and quantified.[52, 53] The most widely used electrochemical method 

is the amperometric method of cyclic voltammetry (CV) with a current curve output 

(Figure 3). The electrochemical experiment is measured with the help of a three-

electrode system, which includes the reference electrode (RE), the counter electrode 

(CE) and the working electrode (WE). When the CV method is used, a potential is 

applied between WE and RE that changes linearly over time (Figure 3a). The change 

rate of the potential is defined as the scan rate (potential/time). Based on this, the 

related current change can be output between CE and WE with peak cathodic and 

anodic currents, as shown in Figure 3b. According to the Randles–Sevcik equation 

(Eq.1), the peak current (ip) can be affected by several parameters, reflecting 

information about both the analytes in the solution and the surface condition of the 
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electrode. In Eq. 1, n is the number of electron transfers, F is the Faraday Constant, A 

is the electrode surface area, D is the diffusion coefficient, C is the concentration, v is 

the scan rate, R is the gas constant and T is the thermodynamic temperature. At 

normal room temperature, the scan rate, electrode area, concentration, and 

diffusion coefficient are the key electrochemistry parameters. When the scan rate 

increases, the current of the CV curve shifts and the peak currents increase so that 

normal electrochemical measurements are based on a constant scan rate value. 

                                                                                        (eq.1) 

The basic sensing mechanism of the electrochemical system is described as follows. 

Generally, when an electrode is measured in the solution electrochemically, the 

electrode-electrolyte system can be divided into four sections: (i) the electrode, (ii) 

the double layer, (iii) the diffusion layer and (iv) the bulk electrolyte outside (Figure 

4). The diffusion layer is very small in comparison to the bulk electrolyte outside; 

therefore, the electrochemical current output mainly depends on the analytes in the 

bulk electrolyte. The electrode acts like an electrostatic pump; it can absorb the 

analytes or ions with a specific charge and induce the movement of the analytes from 

the bulk electrolyte section to the diffusion section.[54] The analytes near the 

electrode will exchange electrons with the electrode, resulting in the current output 

amplitude. Thus, when the scan rate and electrode area are fixed, the 

electrochemical measurement can be used to successfully characterise the 

concentration of the analytes in the bulk electrolyte outside. This can be verified by 

the direct detection of the reactive oxygen species (ROS) in the solution, which can 

be successfully achieved using a bare electrochemical electrode without further 

modifications.[55]  
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Figure 4. The different sections in a typical electrode-electrolyte system. Ref [54] copyright 2003 The 

Royal Society of Chemistry. 

 

When the electrode is further modified using biological recognition elements, such 

as enzymes, DNA, proteins and cells,[53] the corresponding analytes can be bound to 

the electrode surface, inducing the change in the diffusion coefficient and electrode 

sensing area. Thus, as the concentration of the non-redox analytes increases, the 

peak current of the CV curve will be changed (Eq. 1). This can be verified by the results, 

which demonstrate that after absorption on the electrode surface, the current output 

decreases dramatically (Figure 5).  

 

 

Figure 5. Schematic illustration of the biological recognition on the electrochemical surface and its 

effect on the CV curves. Ref [56] copyright 2017 American Chemical Society. 

 

The study of electrochemistry occurred as early as 1964, focusing on an Si-electrolyte 

system.[57] After many years of development, the electrochemistry technique is 

mature and the theoretical study has also been well-developed by Gouy-Chapman-

Stern model,[58] resulting in broader applications. However, electrochemistry can 
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only be used to study electrical properties; it does not describe the photoelectrical 

properties of nanomaterials. Moreover, biological modification is usually based very 

simple designs with a fully covered electrode.[53] Thus, it is difficult to develop the 

electrochemistry technique into a multiple detection system with a single electrode. 

Therefore, the original electrochemical system is also not suitable for the project 

conducted in our study. 

2.3.2 PEC sensing system 

Based on the original electrochemistry technique, a PEC system was built by applying 

a localised and movable illumination on the working electrode to overcome the 

disadvantages of electrochemistry for multiple detection. 

Initially, photoelectrochemistry was introduced to utilise solar energy to produce 

electricity because it is time consuming and unrealistic to only rely on natural 

biological photosynthesis to transfer solar energy into fuels.[59] Thus, it is essential 

to know how to use an artificial technique to convert energy from abundant materials 

into electrical or fuel energy (such as H2). Photoelectrochemistry can convert optical 

and chemical energy from redox species into electrical energy with an electron 

flow;[60] it can also generate H2 by splitting water into hydrogen and oxygen.[61] The 

principle of photoelectrochemistry is based on a photoactive electrode with electron-

hole pairs separated under illumination, leaving free electrons at the CB and holes at 

the VB. When semiconductor NPs are immobilised on the WE, free electrons are 

available in the NPs to exchange with the electrode or the solution. A constant 

potential is applied between WE and RE, and electrons will either transfer from the 

solution to the NPs and then to the electrode as an anodic photocurrent (Figure 6a), 

or they will transfer from the electrode to NPs and then to the solution as a cathodic 

photocurrent (Figure 6b). The two electron transfer directions occur simultaneously, 

and the finial polarity of the photocurrent depends on the potential that is applied 

and the competition between the electron transfer processes in the two directions. 

In addition to the parameters that influence the current in an electrochemical system, 

which were discussed in the previous section, in a PEC system, the photocurrent also 

depends on light (intensity, wavelength and light spot size).  
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Figure 6. Diagrams of photocurrent generation from QD-based electrode at (a) anodic and (b) cathodic 

directions.  

 

In comparison to the different sensing systems mentioned above, the amperometric 

PEC sensing system has several advantages.  

First, unlike an optical sensing system, a PEC system is easily built with a simple set-

up so that a traditional complex light path is not needed. Derived from 

electrochemical system, a potentiostat is used in a PEC system and a light source is 

further applied on the electrode. The simple set-up is shown in Figure 7.  

In the PEC system, a three-electrode set-up is necessary. When the measurements 

are taken with two electrodes, the photocurrent can also be obtained between the 

CE and the WE. However, in this case, because the photocurrent flows through the 

two electrodes and the solution, an uncontrollable potential drop occurs in the 

solution and at the two electrode-electrolyte interfaces. Because the photocurrent is 

influenced by the potential applied on the WE, the potential drop will make the 

collected photocurrent very unstable. To overcome that, a reference electrode (RE) 

is added to form the three-electrode system to limit the potential drop effect. 

Normally , the RE is composed of three parts: an internal metal electrode inside, an 

internal electrolyte and contact film between the internal and external electrolyte. 

Usually, the contact film is fabricated using ceramic materials or porous glass. The 

reason why reference electrode can maintain the potential at a constant value is that 

there is reversible redox reaction on the internal metal electrode surface. For Ag/AgCl 

reference electrode, the metal electrode is Ag and its surface is covered with AgCl. 

The electrolyte contains Cl- and the reversible redox reaction of Ag/AgCl reference 

electrode is AgCl+e-=Ag+Cl-.          
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Figure 7. The illustration of homebuilt photoelectrochemical set-up based on PC, potentiostat, lock-in 

amplifier. The electrodes used are Ag/AgCl (3M NaCl) reference electrode, Pt counter electrode, and 

Au electrode (AuE) immobilized with QDs as working electrode. Ref [51] copyright 2019 American 

Chemical Society. 

 

Second, with the help of a lock-in amplifier, the PEC sensor can detect a stable 

photocurrent without a strong shift (Figure 8a,b). The PEC photocurrent can be 

detected against a large electrochemical background. The lock-in amplifier, invented 

by Robert H. Dicke (Princeton University), is a tool that can be used to effectively 

extract the amplitude and phase information of the signal from the strong 

background noise.[17] Using the homodyne detector method and the low-pass filter 

technique on the frequency domain, the signal within the specified frequency band 

of the reference frequency can be detected successfully. Thus, transferred back to 

the time domain, the lock-in amplifier can detect signals with very small noise. 

 

 

Figure 8. The photocurrent behaviour of a QD-electrode (a) without and (b) with the lock-in amplifier. 

Ref [1] copyright 2009 Springer-Verlag.  

 

Third, unlike ISFET sensing arrays, fewer wires are needed to build the PEC electrode 

for multiple detections. The simple PEC electrode designed in this study is shown in 

Figure 9. With only one conductive wire output, the multiplex signal from different 
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sensing arrays on the AuE can be output simultaneously and successfully. Finally, 

when the PEC electrode is fabricated using different sensing arrays on a single 

electrode, different analytes can be detected simultaneously with the help of an 

addressable light. This is discussed in more detail in the next section. 

Based on these advantages, the PEC system is used in the project to build the 

multiplex sensor (section 3). It can also be used for the PEC sensor enhancement 

study (Chapter 4). 

 

 

 
Figure 9. Illustration of the PEC teflon cell with a gold working electrode (WE) inside. The WE is 

connected to outside by a simple conductive type on one edge of the Au chip. The WE is sealed for 

waterproof properties with a rubber o ring and four screws. 
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3. Multiplexed PEC Sensor 

In this paper, a sensing system was built using QD-electrode and small-sized 

illumination spot to improve the spatial resolution of the original LSPS system. Based 

on this, further photocurrent imaging was realized to characterise the size of enzyme 

array and also to visualise the enzymatic activity distribution on the enzyme array.  

3.1 LAPS system 

When the sensing system is used in a practical application, especially in an in vivo 

environment such as cells, tissues and blood, the analytes usually co-exist with many 

other substances. Thus, how to develop a sensing device that can detect several 

analytes at the same time is undoubtedly a hot topic. This capability would improve 

the detection efficiency of the sensing device, enabling it to obtain more information 

at one time. For this purpose, the LAPS method was introduced by research 

groups.[46] Charge carriers are only generated at the illuminated area on a 

semiconductor electrode where a localised output can be detected. Thus, the 

corresponding output can only reflect the information in the illuminated area. When 

scanning the light beam on the whole surface, the photo signal from different areas 

on the electrode can be obtained. When the electrode surface is divided and 

modified with different functionalities, the LAPS system can be used for multiple 

detections with a single electrode. Initially, as shown in Figure 10, the LAPS system 

was designed using planar silicon-based wafers (such as silicon nitride), which are 

well-known for their ability to recognise protons and detect pH because of their 

hydroxyl and amino groups on the surface.[62] With an illumination area within 1 

mm2, localised sensing information from different chemistries can be detected and 

simultaneous measurement of 23 sites can be achieved with a single chip.[46] 

Moreover, McConnell et al. successfully used a silicon-based LAPS system to monitor 

cell activity stimulated by different substances.[62] It has also been reported that the 

LAPS system can be used to monitor extracellular potentials.[13] Thus, the LAPS 

system is very practical and it has multiple potential applications and it is still used 

today.[63, 64]  

However, in addition to its advantages, the LAPS system has some disadvantages that 

should be addressed. Except for its accuracy, selectivity and sensitivity, two aspects 
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of the LAPS system still need to be improved: (i) the measurement rate and (ii) spatial 

resolution.[65] 

 

 

Figure 10. Illustration of a LAPS system based on a silicon wafer (grey section). Light-emitting diodes 

(LEDs) are placed at different position (A, B, C, D) to illuminate different chemistries. With the help of 

a reference electrode, the photocurrent change at different positions can be detected. Ref [46] 

copyright 2009 Springer-Verlag. 

 

Many studies have been conducted to improve the measurement rate of the LAPS 

system. The photocurrent scanning method is a domain technique that has been used 

to improve the measurement rate for high speed detection.[66, 67] Zhang et al. 

further studied the measurement rate by analysing the digital photocurrent signal 

scanned on the frequency domain using a modulated laser pointer.[68] Another way 

to improve the measurement rate is using parallel read-out sensing arrays to obtain 

the signals from different arrays at the same time; this approach is employed in 

typical ISFET devices, which have been used to detect enzymatic substrates,[69] 

pH,[70] urea,[71] glucose,[72] heparin[73] and some proteins[74]. However, as 

described in the previous section, it is difficult to produce the hardware of the ISFET 

sensing arrays because multiple wires are needed. In our project, an QD-electrode 

with different sensing arrays was used to enhance the parallel detection to improve 

the multi-detection measurement rate. 

Spatial resolution is another aspect of the LAPS system that also needs to be 

improved. There many parameters that can enhance the spatial resolution of a 

semiconductor-based LAPS device, such as the light spot size, carrier diffusion length, 

interface charge and light beam scattering.[4, 5, 75-78] In the project presented this 

chapter, the light spot size was significantly decreased to improve the resolution 

(Section 3.2). The QD-electrodes were used to decrease the carrier diffusion length 

to further increase the resolution (Section 3.3).  
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3.2 Light spot size 

The light source is an important aspect for improving the spatial resolution.[64, 78] 

As the size of the light spot applied on the PEC electrode decreased, it was possible 

to obtain more information when scanning the light spot over the electrode.  

 

 

Figure 11. Illustration of the method used to calculate the laser spot size (inset) and the related 

photocurrent curve. Ref [51] copyright 2019 American Chemical Society. 

 

The light source used in this project was a 532 nm laser; the size of the light spot was 

adjusted to be as small as possible for high resolution measurement. The laser spot 

size was characterised using a scanning method with continuous photocurrent 

measurement (Figure 11). In detail, the laser was moved over the electrode surface, 

which was covered with a sharp-edged blocker made by a black acrylic plate (inset of 

Figure 11). When the laser spot was applied to the blocked side of the electrode, no 

photocurrent was detected. When the laser spot was moved from the blocked side 

to the unblocked side, the photocurrent took ∆t to reach its maximum. The zero 

photocurrent refers to the laser spot fully on the blocked side, and the maximum 

photocurrent refers to the laser sport fully on the unblocked side. Then, if the moving 

speed is constant and defined as vlaser, the laser spot diameter dlaser can be calculated 

as dlaser=∆t* vlaser. Finally, the spot diameter is 0.3 mm, resulting in an illuminated 

electrode surface area of 0.07 mm2. In comparison with the 1 mm2 surface area 

results previously reported for the LAPS system,[46] undoubtedly, in this project, the 

light spot size was significantly improved. Thus, it was able to achieve better 

resolution. 
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3.3 QD-electrode 

According to the literature, for Si-based material, the diffusion length of the charge 

carriers in the wafer is around 1 mm. Much effort has been made to decrease the 

diffusion length in the LAPS system by limiting the movement of charge carriers in a 

small area.[46] At first, the semiconductor electrode surface can be masked with an 

insulating layer so that only the localised part has contact with the electrolyte. Second, 

the lifetime of the minority carriers were decreased by doping additional materials in 

the silicon. Third, the continuous silicon-based wafer could be modified to become 

discrete silicon islands, so the distance between each island will stop the diffusion of 

the charge carriers.  

In this project, inspired by the third method, the quantum dots (QDs) that are 

immobilised on the electrode act as very small-sized discrete islands. Moreover, there 

is no electrical connection between the QD “islands”, so the charge carriers’ diffusion 

between the QDs is limited. Thus, a very short diffusion length and higher spatial 

resolution are achieved.  

3.3.1 Quantum dots 

These years, an increasing number of materials have been fabricated to nanoscale 

showing distinct properties from the related bulk materials.[79] Typically, the 

nanocrystals are defined as 1-100 nm range including noble metal nanocrystal and 

semiconductor nanocrystal.[80] According to the quantum confinement effect, when 

size decreases to a certain level, the electrical energy states become discrete as 

shown in Figure 12.[80, 81] Based on this, semiconductor NPs show unique properties 

of optical,[80] electronic,[82] magnetic,[83] thermal[84] and superconductive 

aspects[85]. After years’ development, more and more novel NPs were invented and 

the NPs’ size, shape, composition and surface modification has been more and more 

controllable.[86, 87]  
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Figure 12. Diagram of the energy stare changes among bulk semiconductor, semiconductor 

nanoparticle, and molecule. Ref [80] copyright 2009 American Chemical Society. 

 

Colloidal CdSe quantum dots (QDs) are stable colloidal nanomaterial that has been 

well studied showing well-controllable size and fluorescence range.[79, 88, 89] In the 

very beginning, the synthesis of QDs are mainly focused on the CdE (E=S, Se, Te), using 

rapid injection method to obtain homogenous crystallite with size-dependent optical 

properties.[90] As early as 1995, Prof. Paul Alivisatos from University of California 

Berkeley has introduced small-sized semiconductor material and his group is still 

working on the physicochemical properties and controlled synthesis of QDs today.[87, 

91] After years development, the concept of QDs has been extended from the original 

type to novel ones including perovskite QDs, carbon QDs and other inorganic QDs 

without toxic heavy metals.[20, 92] More QDs related engineering has been 

developed with sophisticated techniques to transfer hydrophobic QDs to aqueous 

phase to be compatible with biological system.[79] Many applications are developed 

as well that QDs can be used for light-emitting diodes,[93] artificial 

photosynthesis[94], nanomedicines[95] and fluorescence markers to trace ions[96], 

tumor cells[97], and intracellular gene[98].  

QDs also have great potential to design diverse PEC electrodes on which QDs act as 

signal chain to transfer reaction signals for biological detection.[50, 81] Furthermore, 

when QDs are used to decorate sensing electrode, there is larger surface area-to-

volume with more contact area to analytes resulting in larger photoelectric signal. In 

addition, QDs immobilized on the electrode act as separate islands to limit charge 

carriers in a restricted area, which can improve the electrode literal resolution 

comparing with original LAPS device.[1] Thus, QDs immobilized PEC electrode is still 

worth to further studied and used in the project here. 

In this paper, CdSe/ZnS core/shell QDs are used to build QD-electrode to improve the 

resolution of LAPS system, and to further build multiplex sensing chip for 
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simultaneous detection of different substrates. A ZnS shell is coated on CdSe QDs 

surface because the inorganic ZnS shell can effectively improve stabilization and 

electron utilization of CdSe core by trapping charge carriers at the interface.[80] The 

ZnS amounts used was carefully calculated by CdSe core size and ZnS shell thickness. 

From the literature, for single monolayer ZnS shell the thickness is around 0.31 nm 

and around 1 or 2 monolayers the quantum yield of QDs shows the maximum 

level.[79] Eventually, the CdSe/ZnS core/shell QDs are synthesized with 1.2 

monolayers ZnS and the synthesized QDs are shown in Figure 13, diameter dcs=4.6±1 

nm and absorption peak at 533 nm.[51] The size and absorption peak is specially 

designed according to the 532 nm laser source we have, which can effectively reduce 

the instrument cost.  

 

 

Figure 13. (a) The spectra of absorption A(λ) and fluorescence I(λ) in toluene and (b) the DLS results 

with three independent measurements from the CdSe/ZnS core/shell QDs. The inset in (b) refers to 

the TEM result of the QDs. Ref [51] copyright 2019 American Chemical Society. 

 

3.3.2 The immobilization of QDs on electrode 

As shown in Figure 14a, the CdSe/ZnS QDs are firmly immobilised on a planar 

electrode based on the SAM of trans-4,4′-stilbenedithiol (StDT). Khalid et al. discussed 

the variations in photocurrents when different SAMs molecules are used.[99] They 

verified that StDT results in a larger and more stable photocurrent than 

benzenedithiol and biphenyldithiol. With thiol groups, the sulfur atom of StDT can 

strongly bind to the metal and the QDs (Figure 14a). In this scenario, the StDT layer 

plays two roles. First,StDT is insulating, so when the light is off there is no electron 

exchange between the QDs and the electrode, thereby significantly improving the 

signal-to-volume ratio of the sensing system. As seen in Figure 14b, the time 

dependence from photocurrent at -100 mV from the Au/StDT/electrode indicates 
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that a stable photocurrent with small noise can be detected over a reasonable 

amount of time. Second, the StDT layer can be used to build the structure with an 

electrical disconnection between the QDs, limiting the electron diffusion and 

improving the resolution of LAPS system. Thus, applications capable of multiplex 

detections and photocurrent imaging for enzyme array can be achieved, as described 

in the next section. 

 

 

Figure 14. (a) Illustration of quantum dots (QDs) immobilised on a gold electrode (AuE) by trans-4,4’-

stilbenedithiol (StDT). (b) Photocurrent from the Au/StDT/QDs electrode in a reasonable time at a 

constant potential of -100 mV vs. Ag/AgCl under 532 nm light in 0.01 M PBS (pH=7.4). Ref [48] 

copyright 2019 American Chemical Society. 

 

3.4 Multiplex detection using enzyme arrays 

With developments in the sensing field, different types of sensors have been built, 

including a bioaffinity sensor and a biocatalytic sensor. Affinity sensing devices 

usually rely on strong binding between biological molecules, such as antigen-

antibody, lectin-sugar, membrane receptor-membrane protein and DNA 

aptamers.[24, 47, 53] The affinity ensures that the sensing device has high sensitivity 

and good selectivity, so it can be used in the many fields of food safety, pollution 

control and medical treatments.[53]  

Although many types of binding assays are available, an enzymatic assay is still widely 

used to build a biocatalytic sensor. This is because of not only its high specificity and 

oldest history,[100] but also the simple fabrication of fully covered enzyme-electrode 

by pipetting.[51] Enzymes are catalytic proteins (few RNA) that accelerate the 

reactions of cell metabolism and energy generation under very mild conditions. 

Substances that can react with enzymes are defined as substrates. The reaction rate 
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(v) between the enzyme and the substrate (S) can be described using the Michaelis-

Menten equation (Eq. 2), where KM is the Michaelis-Menten constant and Vmax is 

the maximum rate of the enzymatic reaction. 

                                                                                                                            (eq.2) 

Different enzymes can be used, including oxidase (e.g. GOx and SOx), peroxidase (e.g. 

horseradish peroxidase [HRP]) and dehydrogenase (glucose dehydrogenase).[30, 

101-103] In the reactions of oxidase, oxygen is consumed, which allows for building 

the enzyme-oxygen-electrode. Development of the enzyme-oxygen-electrode can be 

traced back to 1956, when Clark detected the glucose concentration via the oxygen 

content.[100, 104] Since then, the enzyme-electrode has drawn much research 

attention, and it has been developed rapidly. Today, the enzyme electrode has been 

applied in many fields; it is especially used in biosensors due to its high sensitivity, 

high specificity, rapid response, good selectivity and easy immobilisation.[30, 31, 34, 

105]   

 

        

Figure 15. The sensing mechanism of using Au/QDs/enzyme electrode to detect substrate. Ref [51] 

copyright 2019 American Chemical Society. 

 

In the project discussed in this paper, CdSe/ZnS QDs were immobilised on an AuE by 

StDT, and the enzyme (SOx or GOx) was easily immobilised on the QDs surface by 

cross-linking using a pipette. The sensing mechanism of the enzyme-oxygen-

electrode (Au/QDs/enzyme) in the PEC system is shown in Figure 15. In detail, under 

illumination, the electron-hole pairs separated in the QDs. The electrons were 

transferred from the Fermi level (EF) of the AuE to the holes in the VB of the QD by 

tunnelling through the insulated StDT layer. At the same time, oxygen grabbed the 
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electrons from the CB on QDs to contribute to the photocurrent that was generated. 

Meanwhile, the enzymatic reactions consumed oxygen, resulting in decreased 

oxygen concentration in the solution. Thus, as the enzymatic reaction progresses, less 

and less oxygen can be used in the solution. Consequently, a photocurrent decrease 

was detected, indicating that the substrate concentration changed.  

 

Figure 16. The photocurrent response from the enzyme-electrode with single enzyme array 

immobilized that (a) using glucose oxidase (GOx) and sarcosine oxidase (SOx) to detect glucose and 

sarcosine, respectively. (b) Control experiments using GOx electrode to detect sarcosine and using SOx 

electrode to detect glucose. Laser was moved from the section without enzyme to the section with 

enzyme of (c) GOx and (d) SOx. The experiments are finished under a 532 nm laser with Ag/AgCl 

reference electrode at -100 mV vs. Ag/AgCl in air-saturated 0.01 M PBS (pH=7.4). Ref [51] copyright 

2019 American Chemical Society. 

 

When a single enzyme array was immobilised on the Au/QDs electrode surface, the 

related photocurrent decreases when light was applied on the enzyme (Figure 16). 

Glucose can only be detected in the GOx section and sarcosine can be only detected 

in the SOx section. Thus, when localised light was applied on the enzyme-electrode 
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surface, the successful immobilisation (presence) of the enzyme and the related 

enzyme activity were monitored by the decrease in the photocurrent.  

To improve the sensing efficiency of devices, it is necessary to develop multiplex 

sensors. Based on the excellent results from the Au/QDs/enzyme electrode with a 

single enzyme array, more enzyme arrays were used to fabricate a multiplex sensor. 

As shown in Figure 17, GOx and SOx were immobilised together, realising three 

sections on the electrode: the GOx section, the SOx section and the QDs reference 

section. When the localised light moved to the enzyme section, only the 

corresponding substrate was detected. The reference section was used to ensure 

that the QD-electrode always worked well, and did not contribute to a decrease in 

the photocurrent, to ensure that the photocurrent decrease was only based on the 

enzymatic reactions. 

 

 

Figure 17. The light-addressable measurement using a localised light applied on the Au/QDs/enzyme 

electrode scanned among different sections (GOx section, SOx section, QDs reference section). Ref [51] 

copyright 2019 American Chemical Society. 

 

The multiplex and parallel sensing results are shown in Figure 18. When the localised 

light spot was moved in parallel from the reference section to the GOx section and 

then to SOx section, different photocurrent responses were obtained in different 

analytes. When measured in glucose, the photocurrent decrease can only be seen 

when the light is moved to the GOx section. When measured in sarcosine, the 

photocurrent decrease can only be observed when the light is moved to the SOx 

section. When measured in the mixture of glucose and sarcosine, the photocurrent 

decrease can be found in both the GOx and SOx sections. Most importantly, the 

concentration dependences of the substrate detections for each section conform 

well with the results of the single enzyme array (Figure 16). Thus, the enzyme arrays 

chip shows excellent selectivity. For all three types of solutions, the photocurrent 



 

30 

 

remained stable in the reference section, indicating that the photocurrent change 

was from the enzymatic reactions. 

 

 

Figure 18. The parallel detections in three type solutions of (a) glucose, (b) sarcosine, (c) the mixture 

of glucose and sarcosine with laser moved from reference section to GOx section and then to SOx 

section. 532 nm laser was used as light source and measurements are finished at -100 mV vs. Ag/AgCl 

reference electrode in PBS (pH=7.4). Ref [51] copyright 2019 American Chemical Society. 

3.5 Photocurrent imaging 

Recently, photocurrent imaging has been used to study the local transport of the 

charged carriers of semiconductor nanowires, including generation, recombination 

and diffusion.[106, 107] In the project discussed in this paper, based on the 

photocurrent imaging, it was possible to determine the light spot size (section 3.2) 

and the enzyme (size and activity) distribution of the enzyme arrays. The results are 

shown in the photocurrent curves with a constant speed (vlaser) when the laser spot 

scans over the enzyme arrays on the electrode surface back and forth, in both the x- 

and y- direction (Figure 19a,b). As seen, the photocurrent only decreases when the 

laser light spot is applied on the enzyme part. The decrease in the photocurrent is 

larger when the laser light spot is on the edge of the enzyme array in comparison to 
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when it is on the centre of the enzyme array, indicating higher enzyme concentration 

(higher activity) on the edge This is supported by the corresponding microscopic 

image of the enzyme array seen in Figure 19c. Thus, the enzyme activity distribution 

can be seen from the photocurrent curves (Figure 19a and 19b). Finally, when the 

photocurrent decreasing time is t, the enzyme array size used in the multiplex chip is 

calculated by vlaser*t as 1.9 mm × 1.3 mm, which is consistent with the value obtained 

from microscopy (Figure 19d). 

 

Figure 19. The parallel detections in (a) glucose, (b) sarcosine, (c) the mixture of glucose and sarcosine 

with laser moved from reference section to GOx section and then to SOx section. 532 nm laser was 

used as light source. Measurements are finished at -100 mV vs. Ag/AgCl reference electrode in 0.01 M 

PBS (pH=7.4) Ref [51] copyright 2019 American Chemical Society. 
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4. Nanozyme-based Enhanced PEC Sensor 

There are two problems should not be ignored in the multiplex sensing system 

discussed in the last section. First, natural enzymes are widely known for their easy 

inactivation; they are also very expensive, hard to store and very sensitive to the 

environment. And when enzyme is immobilized on the electrode, the fall of enzyme 

from the electrode could induce unstable photocurrent. Second, the CdSe/ZnS QDs 

contain toxic heavy metallic ions, so that the applications of QDs in vivo should be 

avoided. To solve those problems, an idea is that nontoxic NPs can act the roles of 

both enzyme with catalytic properties and semiconductor to generate photocurrent. 

Thus, another project based on nanozyme NPs in aqueous solution was conducted 

and discussed in this section.  

4.1 Nanozyme 

As an emerging artificial novel nanomaterial, nanozymes have intrinsic enzyme-like 

catalytic activities; to a great extent, they can also can overcome the disadvantages 

of the natural enzyme previously mentioned.[108] Thus, as shown in Figure 20, many 

nanozyme applications have been developed in the field of biosensors,[109] disease 

therapy,[110] ultraviolet (UV) protection and anti-bacterial,[111] dealing with 

pollutants (heavy ions).[112] In addition to its use for detecting substances in vitro, 

nanozymes can be used to detect substances in vivo, such the tracing glucose in the 

brain of a live mouse.[113] This is attributed to the excellent stability, non-toxicity, 

biocompatibility and effective ROS regulation properties of NPs.  

The nanozyme concept can be traced back to 2004 when Manea at al. used 

functionalised Au nanoclusters as a substitute of hydrolase for the cleavage of 2-

hydroxypropyl p-nitro-phenyl phosphate (HPNP).[114] Since then, an increasing 

number of nanozymes have been discovered with different categories (Table 1). 

Some of the nanozymes can only mimic single enzyme, such as the Fe3O4 magnetic 

NPs that mimick peroxidase acting as an electron acceptor from substrates.[115] The 

nanozyme concept can be traced back to 2004 when Manea at al. used functionalised 

Au nanoclusters as a substitute of hydrolase for the cleavage of 2-hydroxypropyl p-

nitro-phenyl phosphate (HPNP).[114] Since then, an increasing number of nanozymes 

have been discovered with different categories (Table 1). Some of the nanozymes can 
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only mimic single enzyme, such as the mimicking of peroxidase by Fe3O4 magnetic 

NPs, which can act as an electron acceptor from substrates.[115] Other nanozymes, 

such as naked Au NPs, show oxidase-like activity, and they can catalyse the transition 

of glucose to gluconic acid.[116] Still other nanozymes can mimic more than one 

enzyme at the same time, such as cuprous oxide (Cu2O) NP and ceria (CeO2) NP. Cu2O 

NPs have catalytic properties that are similar to those of HRP and GOx. CeO2 NPs can 

mimic the enzymes of both oxidase and catalase with intrinsic cyclic redox properties, 

due to the reversible change between Ce3+ and Ce4+ on the surface.[108] Thus, 

nanozyme NPs acting as a substitute for natural enzymes were used in the project 

discussed in this section. 

 

 

Figure 20. The diverse applications of nanozyme which can be used for sensor in vivo, tumor control, 

oxidation resistance and anti-bacteria. Ref [117] copyright 2019 Wiley-VCH. 

 

In the project discussed in this section, the CeO2 nanozyme was synthesized and 

immobilised on the AuE to replace the QDs/enzyme unit in the previous doctoral 

project. The CeO2 nanozyme not only mimics the enzyme properties of 

peroxidase,[118] catalase[119] and superoxide dismutase,[120] it also has the 

properties of an n type semiconductor UV absorber with excellent optical electrical 

properties. It has been verified that CeO2-based material has great potential for use 
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in PEC applications with photocurrent generation.[121,122] The mechanism of 

photocurrent generation from pure CeO2 NPs is shown in Figure 21. Thus, the 

introduction of the nanozyme in the PEC system can overcome the disadvantages of 

natural enzymes and QDs, reduce the self-assembly step of the enzyme on the 

Au/QDs electrode and improve the instability caused by the enzyme falling off of the 

Au/QDs electrode surface. 

 

 

Figure 21. The photocurrent from pure CeO2 NPs at (a) cathodic direction and (b) anodic direction. O 

and R refer to electron accepters and electron donors in the solution, respectively. 
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Table 1. Different types of nanozymes studied recent years and their related applications. Ref [117] 

copyright 2019 Wiley-VCH. 

4.2 Hybrid nanomaterial 

To improve the spatial resolution of the multiplex sensor described above, a very 

small illumination spot was applied, which induces a photocurrent amplitude from 

the enzyme-based multiplex chip that is very small (< 1 nA). Thus, the photocurrent 

must be improved to obtain a better detection limit, especially when the 

photocurrent keeps decreasing as the substrate concentration increases (see Figure 

17 and Figure 18).  

Due to the rapid development of nanotechnology, scientists have begun to engineer 

novel materials by combining ones with different properties to obtain enhanced or 

new features.[123] In this section, hybrid nanomaterials are introduced to compare 

with the basic semiconductor CeO2 NPs to build a PEC electrode to enhance the 

photocurrent. An Au core is synthesised inside the semiconductor CeO2 NPs to obtain 

hybrid Au/CeO2 core/shell NPs (Figure 22). The new hybrid NPs have the 

photoelectrical properties inherited from the CeO2 part and the LSPR properties 

inherited from the Au core part. Most importantly, the hybrid NPs provide extra 

enhancement based on the construction of the semiconductor-metal interface.[124] 

Moreover, in terms of light conversion, the original pure CeO2 NPs can only absorb 

the irradiation in the UV range,[111] but the hybrid NPs can utilize UV light and visible 

light, thereby effectively enhancing the resulting photocurrent.  
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Figure 22. Transmission electron microscopy (TEM) images of the pure CeO2 NPs and hybrid Au/CeO2 

core/shell NPs. (c) The “hydrodynamic” distribution of NP size N[dcs] from the diameter of NPs.  

To verify the photocurrent enhancement by the hybrid NPs, single layer of CeO2 NPs 

and Au/CeO2 NPs are immobilised on the AuE for the PEC measurement. Because 

both NPs are stabilised by citrate, they show negative surface potentials. Cysteamine 

aqueous solution was used to modify the Au surface to obtain a positive surface 

charge so that the NPs can be immobilised on the electrode by electrostatic 

interactions. In comparison to the SAM technique using covalent bonds as linker 

between NPs and electrode, it has been verified that the SAM using electrostatic 

interactions has a larger photocurrent.[16] The photocurrent results under white 

light are shown in Figure 23. As seen, the photocurrent more effectively improved in 

the hybrid NPs than the pure CeO2 NPs at each potential, indicating the successful 

deposition of NPs on the electrode and the benefit from the hybrid NPs in the 

photocurrent generation. Moreover, the NP numbers were evaluated via Quartz 

crystal microbalance (QCM); the results show that the NP number (per cm2) is 

comparable between the CeO2 NPs and the hybrid NPs (nCeO2=(7.3±0.1)×109 and 

nAu/CeO2=(5.9±0.1)×109). Thus, the number of NPs on the electrode is not responsible 

for the photocurrent enhancement from the hybrid NPs. 
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Figure 23. (a) The potential dependence from photocurrent from single layer CeO2 NPs and hybrid 

Au/CeO2 NPs immobilized on the electrode. (b) The photocurrent curves from single layer CeO2 and 

hybrid Au/CeO2 NPs. All the results are measured under white light in 0.01 M PBS (pH=7.4). 

 

4.3 Layer-by-Layer (LbL) 

Introduced three decades ago,[50] layer-by-layer (LbL) has been widely used as 

coating technique in diverse fields. When applied to a metal surface, an LbL coating 

can provide anti-corrosion or anti-graffiti properties.[125, 126] For metal implants, 

the LbL coating can help create an antibacterial surface.[127, 128] Moreover, LbL can 

be applied as a purification technology for fabricating liquid or gas permeation 

membranes.[129] In biological applications, LbL can be used for cell surface 

engineering by mild coating, and for drug delivery as vehicles for micro- and 

nanoencapsulation.[130-132] 

 

 

Figure 24. LbL can be used for the nanomaterial immobilization on sensing electrode. Ref [50] 

copyright 2019 American Chemical Society. 
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Surface LbL can also be used in PEC sensing applications.[1, 133-135] As described 

above, the generated photocurrent is generally based on the number of free 

electrons activated from the light-sensitive materials and exchanged with the 

working electrode. The LbL coating can increase the number of electrons by effective 

increasing the coverage of the NPs that are immobilised. My previous studies have 

verified that the PEC electrode with LbL-coated NPs can both increase the signal 

amplitude and the signal-to-noise ratio of the system. Moreover, an LbL coating has 

a porous structure, which can be penetrated to let analytes (such as oxygen and 

substrates) contact the NPs in each of the layers.[33, 99, 101] When NPs are 

immobilised in an LbL structure, an electron chain is feasible due to the electron 

transfer from the outermost layer to the electrode through different layers (Figure 

24).  

In this paper, together with the hybrid NPs technique, LbL technique is used to further 

enhance the photocurrent by increasing the number of NPs and building a three-

dimensional structure that are immobilised on the electrode (Figure 25a). From 

Figure 25b, it can be seen that the multilayer NPs have an obvious photocurrent in 

comparison to the single layer NPs (Figure 23) for both the CeO2 NPs and the Au/CeO2 

NPs. As the number of layers increases, the related photocurrent increases linearly 

for both the anodic and cathodic values. Moreover, the photocurrent enhancement 

is greater in the hybrid NPs than in the pure CeO2 NPs. The mechanism of the 

photocurrent enhancement from the hybrid NPs was studied using wavelength 

dependence measurements (Figure 26). Different wavelengths of monochromatic 

light were used to generate the photocurrent. As seen, at visible light, only the hybrid 

NPs show photocurrent activity; no photocurrent activity is seen in the pure CeO2, 

indicating that LSPR at visible light is responsible for the photocurrent activity from 

the hybrid NPs. These results firmly verify that the hybrid NP has better 

photoelectrical properties, and that the LbL method can enhance the photocurrent.  
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Figure 25. (a) The diagram of multilayer structure immobilized on the PEC working electrode. (b) 

Potential dependence from 5 layers CeO2 NPs and 5 layers Au/CeO2 NPs. (c) Layer number dependence 

from 5 layers CeO2 NPs and 5 layers Au/CeO2 NPs at +500 mV and -500 mV vs. Ag/AgCl. The whole 

measurements are finished under white light in 0.01 M PBS (pH=7.4). 

 

 

 

Figure 26. Wavelength dependence from photocurrent based on 5 layers CeO2 NPs and 5 layers 

Au/CeO2. at (a) +500 mV and (b) -500 mV vs. Ag/AgCl. Different filters are inserted between white light 

and the PEC cell to obtain monochromatic lights. 

 

Moreover, the effect from the semiconductor-metal interface was studied using a 

mixture of the Au NPs and pure CeO2 NPs (Figure 27). The diameter of the Au NPs 

was found to be similar to the Au core of the hybrid NPs. The NP mixture was used to 
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study the distance. It was found that the hybrid NPs had close contact with the 

semiconductor-metal interface. In the mixture containing the Au NPs and the pure 

CeO2 NPs, distance between the CeO2 NPs and the Au NPs was relatively longer than 

the hybrid Au/CeO2 NPs. Eventually, the photocurrent difference in the PBS can be 

conducted as: I(CeO2)＜I(mixture of AuNPs and pure CeO2 NPs)＜I(hybrid Au/CeO2). This result indicates 

that the closed contact of the semiconductor-metal interface plays an important role 

in the photocurrent enhancement from hybrid Au/CeO2 NPs. 

 

 

Figure 27. Three types of NPs are immobilised on the electrode for photocurrent measurements, CeO2 

NPs, a mixture of AuNPs and pure CeO2 NPs, and hybrid Au/CeO2 NPs. 

4.4 H202 detection 
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Figure 28. Chopped light voltammetry of (a) 5 layer CeO2 NPs and (b) 5 layers Au/CeO2 NPs in PBS and 

5 mM H2O2. Comparison of photocurrent from single and multilayer CeO2 NPs, mixture of AuNPs and 

pure CeO2 NPs (N(CeO2)/(N(CeO2)+N(Au)) = 40% mixing ratio)), and hybrid Au/CeO2 NPs (c) in PBS and 

(d) 1 mM H2O2. The whole results are obtained with white light in 0.01 PBS (pH=7.4). PEC results are 

obtained at -500 mV vs. Ag/AgCl. 

 

Because CeO2 NPs can mimic the properties of a natural enzyme, the catalytic 

properties of the CeO2-elecrode were studied here using H2O2 detection. H2O2 is an 

important analyte for monitoring cellular activities, and because H2O2 is a by-product 

of many enzymatic reactions, studying H2O2 detection is meaningful.[136, 137] The 

catalytic property on H2O2 was initially studied using chopped light voltammetry. The 

obvious current enhancement after the addition of 1 mM H2O2 to five layers of the 

CeO2 NPs indicates that the CeO2 surface has excellent catalytic activity (Figure 28a). 

Furthermore, photocurrent enhancement due to the H2O2 response was seen in the 

hybrid Au/CeO2 NPs in comparison to the CeO2 NPs, indicating that the hybrid NPs 

had better photoelectrical properties (Figure 28a,b). From Figure 28c,d it can be seen 

that the photocurrent difference based on PBS and H2O2 detection was: I(CeO2)＜

I(mixture of Au NPs and pure CeO2 NPs)＜I(hybrid Au/CeO2). Eventually, the good detection limit of 

H2O2 from 5 layers Au/CeO2 NPs 3 μM with a linear detection range of 2–1000 μM. 

These results firmly verify that the CeO2 NPs has good catalytic properties based on 

H2O2 detection, and the hybrid NP provided a better PEC benefit than the pure CeO2 

NP. 

 

 

  



 

42 

 

Conclusions 

The study’s findings can be summarised as follows: 

1. CdSe/ZnS QDs with a 533 nm absorption peak were successfully designed and 

synthesised based on the laser wavelength of 532nm. The QD-electrode was 

successfully fabricated to fix the QDs on the AuE. In comparison to the LAPS 

system, the charge diffusion in the QD-electrode was limited, enabling the PEC 

system to achieve higher spatial resolution. And the laser spot size is adjusted as 

small as possible for better resolution. 

2. Very small-sized enzyme spots (GOx or SOx) were immobilised on the QD-

electrode surface as arrays; this verifies that substrates can be detected 

successfully using a small enzyme array immobilized simply by pipetting. The 

successful detection of substrates also verifies that the enzymatic reaction can 

be monitor via oxygen dependence. 

3. By immobilising two different enzyme arrays on a single chip, simultaneous 

multiplex detections of two substrates is feasible. The good selectivity, good 

practicability and high accuracy of the multiplex sensing chip was verified when 

there was an interference of a second enzyme substrate. 

4. The multiplex detection verified that the enzymatic reactions are only active on 

the area that is illuminated. This supports the possibility of developing sensing 

chips with more than two enzyme arrays.  

5. The photocurrent imaging technique characterised the enzyme array size as 1.9 

mm × 1.3 mm. The photocurrent curves verify and visualise the enzyme activity 

distribution. Thus, it was also verified that the low-cost PEC system can fully 

satisfy the requirements for complex detections. 

6. The CeO2 nanozyme based PEC sensor was successfully built by immobilising 

CeO2 NPs on the AuE. The catalytic properties and photoelectrical properties of 

the CeO2 nanozyme were verified. The good catalytic properties of CeO2 toward 

H2O2 makes it possible to use the CeO2 nanozyme to replace the natural H2O2 

enzyme. And also the CeO2 nanozyme can generate photocurrent so that the 

utilization of the QDs can be avoided in PEC system. 
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7. Control experiments using a mixture of CeO2 and AuNPs verifies that the close 

contact of semiconductor-metal interface plays an important on the 

enhancement. 

8. The wavelength dependence results verify that photocurrent generation under 

visible light is feasible, and the Au core can enhance the photocurrent by LSPR. 

Consequently, a UV light source can be avoided in many applications to reduce 

biological damage. 

9. The LbL method can be used to enhance the photoelectrical and catalytic 

properties of NPs by building three-dimensional structures introducing higher 

NPs coverage on the electrode. The hybrid NPs were found to have better 

catalytic and photoelectrical properties than the pure CeO2 NPs. 
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Perspectives 

In this paper, a multiplex sensing system was built to detect two enzymatic substrates 

simultaneously. They can be detected with single PEC chip by overcoming the 

interference from each other. In the future, a single sensing chip with more than two 

enzymic arrays will be developed to detect more substrates simultaneously. Several 

efforts to improve the photocurrent in both stability and amplitude will be introduced, 

to make sure the system can be applied not only in the lab but also in practical use. 

Eventually, the multiplex sensor should be integrated  and fabricated as wearable size 

for commercial production.  

In the meanwhile, more semiconductor nanomaterials will be tried to be synthesized 

in nanoscale for better photocurrent performance. Besides the basic photoelectrical 

properties for photocurrent generation, these nanomaterials should also have other 

interesting properties (such as thermal, magnetic and catalytic ones) for the 

development of diverse sensing applications. Different material, shape or size of 

metal core will be studied to support the semiconductor part to obtain better 

photocurrent enhancement. When the photocurrent is stable enough, further 

practical used could be considered. 

On the other hand, the normal photocurrent was usually detected from bulk 

immobilisation of nanoparticles on the electrode, and it will be affected by the 

immobilisation technique and aggregation of nanoparticle on the electrode. Thus, the 

normal photocurrent from many nanoparticles on the electrode cannot uncover the 

real photoelectrical properties of this type nanoparticle. Based on that, the details of 

the enhancement mechanism from hybrid nanoparticles could be studied via the 

photocurrent from single nanoparticle via microscopy technique in the future.  
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ABSTRACT: Triggering electrochemical reactions with light provides a powerful
tool for the control of complex reaction schemes on photoactive electrodes. Here, we
report on the light-directed, multiplexed detection of enzymatic substrates using a
nonstructured gold electrode modified with CdSe/ZnS quantum dots (QDs) and two
enzymes, glucose oxidase (GOx) and sarcosine oxidase (SOx). While QDs introduce
visible-light sensitivity into the electrode architecture, GOx and SOx allow for a
selective conversion of glucose and sarcosine, respectively. For the QD
immobilization to the gold electrode, a linker-assisted approach using trans-4,4′-
stilbenedithiol has been used, resulting in the generation of a photocurrent.
Subsequently, GOx and SOx have been immobilized in spatially separated spots onto
the QD electrode. For the local readout of the QD electrode, a new measurement
setup has been developed by moving a laser pointer across the surface to defined
positions on the chip surface. The amplitudes of the photocurrents upon illumination of the GOx or SOx spot depend in a
concentration-dependent manner on the presence of glucose and sarcosine, respectively. This measurement also allows for a
selective detection in the presence of other substances. The setup demonstrates the feasibility of multiplexed measurements of
enzymatic reactions using a focused light pointer, resulting in an illumination area with a diameter of 0.3 mm for analyzing spots
of different enzymes. Moving the laser pointer in the x- and y-direction and simultaneously detecting the local photocurrent also
allow a spatial imaging of enzyme immobilization. Here, not only the spot dimensions but also the activity of the enzyme can be
verified.

KEYWORDS: photoelectrochemistry, glucose oxidase, sarcosine oxidase, quantum dots, multiplexed detection, imaging

1. INTRODUCTION

The integration of biological recognition elements in light-
switchable electrode arrangements has gained growing interest
during the last decade for the construction of photo-
electrochemical (PEC) sensors1−3 as well as for solar-to-
chemical4,5 and solar-to-current converting systems.6,7 Partic-
ularly, PEC sensing systems represent a promising alternative
to electrochemical approaches because of high sensitivity and
light-controllable readout.3 Also, the construction of solar-
powered, self-driven sensors for point-of-care analysis has
become feasible.8 All PEC approaches rely on the linkage of a
light-sensitive entity to an electrode to trigger electron-transfer
reactions under illumination and the concomitant generation
of a photocurrent. In detail, electrons in the photoactive
material are transferred from the highest occupied molecular
orbital into the lowest unoccupied molecular orbital, resulting
in the generation of electron−hole pairs. While radiative
recombination processes cause unwanted emission of light, the
application of an appropriate electrode potential favors the

electron transfer between the light-sensitive entity and the
electrode. If electrons are transferred from the electrode
toward the light-sensitive entity to an acceptor molecule, a
cathodic photocurrent is formed. In the reverse direction, an
anodic signal is established if electrons flow from a donor
molecule to the light-sensitive entity and finally to the
electrode. A huge number of different photoactive nanoma-
terials have been applied for the construction of PEC sensors
such as quantum dots (QDs),9,10 gold nanoclusters,11

nanowires,12,13 and dyes,14,15 giving access to various photo-
catalytic features and excitation wavelengths.
Besides affinity-based PEC sensorial systems based on

DNA,16 antibodies,17 and molecular-imprinted polymers,18

particularly biocatalytic approaches have moved into the focus
of PEC sensors for the detection of enzymatic substrates or the
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evaluation of enzyme activity.19 Many biological molecules can
be photoelectrochemically detected with the help of selective,
enzyme-catalyzed reactions.1,9,20−22 Here, mainly three PEC
transduction principles were established, which are based on
(1) the detection of enzymatic cosubstrates or products such
as O2,

10,23 H2O2,
11,12 acetylthiocholine,9 and nicotinamide

adenine dinucleotide;15,20,21 (2) electron mediators which
shuttle charge carriers between the enzyme and the light-
sensitive element;24−26 and (3) direct electron transfer.27−30

For example, in previous studies, we have exploited the
competitive situation between a light-switchable, oxygen-
reducing QD electrode and oxygen-consuming oxidases for
the detection of enzymatic substrates by following the
depression of the cathodic photocurrent.10,31 The principle is
illustrated in Figure 1a. Despite the great progress in the

construction of enzyme-based PEC sensors, these systems are
currently only suitable for single analyte analysis. The parallel
detection of several enzyme substrates on one light-addressable
electrode by immobilization of several biocatalysts spatially
separated from each other, and individual readout with a
focused light beam has not been shown yet.
Usually, multiplexed electrochemical measurements are

possible with electrode arrays. In this way, several electro-
chemical reactions can be followed in parallel. However, there

are limitations in the number of recording sites because every
single electrode needs to be wired to the outside.32 This can be
circumvented by using light-addressable potentiometric sensor
(LAPS) electrodes,33−35 in which illumination with light
creates a virtual electrode, which defines the location where
the local electrochemical reaction is recorded.36 However,
LAPS is limited to processes, which allow a stable potential
formation at the sensing surface. PEC systems can here provide
access to a much larger number of analytes and higher accuracy
because of the principle of current detection in combination
with biochemical recognition. Recently, first PEC multiplexing
examples for DNA and immunosensing using light-addressable
electrode arrays37,38 and structured electrodes39,40 have been
shown. In another study, the use of two wavelength-selective
materials and wavelength-resolved readout have been shown to
allow for the detection of two different DNA sequences in
parallel.41 However, in this case, an upscaling to more than two
analytes can be an issue. Furthermore, a more simple
illumination of the sensor would be desirable for practical
implementation in bioanalysis.
As a proof of principle, we demonstrate in the present work

the multiplexed detection of glucose and sarcosine by a light-
directed measurement of the local depletion of molecular
oxygen at spots with immobilized glucose oxidase (GOx) and
sarcosine oxidase (SOx), respectively. Selection of the enzyme
spots is possible by moving a light pointer to the respective
position on the nonstructured QD-modified gold electrode
(see Figure 1b). The easy integration of two enzymatic
reactions into a one-electrode setup in combination with light-
addressable readout overcomes not only the needs for
electrode array-based technologies but also the structuring of
the electrode systems, for example, by the utilization of
insulating paints. Moreover, this proof-of-concept study
provides the basis for extending the multiplexed light-
addressable working scheme on a QD-modified electrode to
a large number of oxidases and may also be useful for PEC
enzyme-linked immunosorbent assays.

2. RESULTS AND DISCUSSION
2.1. QD Synthesis and Characterization. Hydrophobic

CdSe/ZnS core/shell QDs with trioctylphosphine oxide
(TOPO) as a capping ligand have been synthesized by a
protocol according to Hühn et al.42 CdSe has been chosen as a
QD core material because of the rather small band gap (∼1.7
eV for bulk),43 allowing the excitation with visible light and
avoiding the need to apply UV light and thus preventing
potential biomolecule degradation. The ZnS shell helps to
prevent the photodegradation of the QDs44,45 and improves
the photophysical properties of the QDs.46 In Figure 2a, the
UV/vis absorption and fluorescence spectra of the QDs
dissolved in toluene are shown. The wavelengths of the
absorption and fluorescence peaks are 533 and 554 nm,
respectively. During the synthesis, the size and thus the
absorption have been adjusted to the 532 nm laser used for
excitation. The transmission electron microscopy (TEM)
results shown in Figure 2b indicate an average diameter of
the inorganic CdSe/ZnS core/shell part of dcs = 4.6 ± 1 nm.
From the QD diameter of the CdSe core (∼3.8 nm), the
conduction band and valence band have been calculated to be
−1.77 and 0.74 V versus Ag/AgCl, respectively.42,47 From the
dynamic light scattering (DLS) results from three independent
measurements, a mean “hydrodynamic” diameter of dh = 7 nm
has been observed in toluene. Because DLS does not only

Figure 1. (a) Electrons (e−) can be transferred from the Fermi level
(EF) of a Au electrode (AuE) through linker molecules to QDs in case
electrons have been photoexcited here from the valence band to the
conduction band, leading also to the creation of holes (h+).
Photoexcited electrons can reduce molecular oxygen at the QD
surface, leading to a reduction of oxygen in solution (O2↓). The
presence of oxidases at the QDs competes for oxygen consumption,
thus modulating the photocurrent. The energy level is drawn with the
reference to the normal hydrogen electrode scale. The conduction
and valence bands have been calculated according to Jasieniak et al.47

(b) GOx and SOx are immobilized on a QD-coated Au electrode by
local spotting. By moving a laser pointer across the electrode surface,
the position where the local photocurrent is measured can be selected.
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detect the inorganic part of the QDs but also the organic
capping ligand and interaction with the solvent, the overall QD
diameter appears in DLS measurements larger than in TEM
experiments.
2.2. Study of the Basic PEC Properties of the Au/

StDT/QD Electrode Immersed in PBS. After synthesis, the
QDs have been immobilized on a gold chip electrode by means
of a dithiol compound (trans-4,4′-stilbenedithiol, StDT) as
reported previously20,21 and described in the Experimental
Section. The QD binding is based on a partial ligand exchange
of the nonpolar TOPO capping ligand by the immobilized
dithiol, resulting in the formation of a stable QD layer on top
of the gold electrode. The successful immobilization of the
QDs can be confirmed by UV/vis absorption spectroscopy
experiments, showing the typical absorbance features of the
QDs in the Supporting Information (Figure S14). In order to

verify the functionality of the prepared QD electrode, first PEC
experiments have been performed by giving light pulses with a
laser having a beam diameter dlaser of about 0.3 mm and
applying different potentials U in the range between −500 and
+500 mV versus Ag/AgCl. The challenge here is a sufficiently
small laser spot to exploit the full potential of multiplexing on
the sensing surface and also a sufficiently large one such that
the signal-to-noise ratio (SNR) is suitable for an analytical
application of the photocurrent measurement.
For illumination, monochromatic light with a wavelength of

532 nm has been applied, which allows for a defined excitation
of the QDs (see UV/vis absorption spectrum in Figure 2a). In
Figure 3a, the amplitude I of the photocurrent (i.e., the signal
of the modulated photocurrent rectified by the lock-in
amplifier when the shutter is opened) is plotted versus the
applied bias voltage U. While the whole working electrode

Figure 2. (a) Absorption A(λ) and fluorescence intensity I(λ) spectra of QDs in toluene. (b) Number distribution N(dh) of the “hydrodynamic”
diameter as determined by DLS in three times independent measurements. Inset: TEM image of QDs (the scale bar corresponds to 20 nm) and a
corresponding histogram of the core/shell diameter dcs.

Figure 3. (a) Photocurrent amplitude I in dependence of the applied bias potential U for Au/StDT/QD and Au/StDT electrodes without QDs.
The bias potential refers to the potential difference to the Ag/AgCl reference electrode. (b) Photocurrent measurement of a Au/StDT/QD
electrode at a constant bias of U = −100 mV and giving light pulses to the electrode. During the period of 1000 s, the shutter controlling the
illumination of the WE has been switched on and off several times. No current has been detected when the shutter was closed. (c) Dependence of
photocurrent change ΔI = (I − Imin)/(Imax − Imin) on the degree of air-saturation pO2

in PBS buffer at U = −100 mV vs Ag/AgCl (static light spot

with ca. 0.3 mm diameter, Au/StDT/QD electrode); Imin = (pO2
) = 0%, Imax = (pO2

) = 100%. pO2
is 0% for PBS purged with N2 and 100% for air-

saturated PBS.
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(WE) has been covered with QDs, the static laser spot only
illuminates a spherical area with a diameter dlaser of about 0.3
mm. When QDs are immobilized on the gold chip, a clear bias-
dependent photocurrent can be recorded (Au/StDT/QD
electrode). This photocurrent is light-intensity-dependent
and increases with increasing number of photons (Figure
S16). Moreover, wavelength-resolved measurements in the
Supporting Information (Figure S15) demonstrate that the
photocurrent follows the absorbance properties of the QDs
and confirm that the QDs are the main origin of the
photocurrent. The current through the Au/SAM/QD
electrode is thus controlled by light and follows in a defined
response to the applied bias potential. The magnitude of the
photocurrent signal is not large but sufficiently pronounced to
allow the defined analysis of changes.
By varying the applied potential, even the direction of the

photocurrent can be switched. In the following, focus will be
given on the study of cathodic photocurrents at −100 mV
versus Ag/AgCl. Here, oxygen acts as an electron acceptor at
the excited QDs.10 Although lower potentials up to −350 mV
versus Ag/AgCl would provide higher photocurrents, measure-
ments at −100 mV versus Ag/AgCl have been found to be less
noisy, thus allowing a better SNR. Furthermore, it can be
shown that the photocurrent is stable over a reasonable period
of time (see Figure 3b) and that the QD electrode can be
stored in phosphate-buffered saline (PBS) in the dark for at

least 14 days with a constant photocurrent response
(Supporting Information, Figure S17).
Additionally, the immobilization of enzymes on top of the

QD surface has not influenced the photocurrent stability of the
chip electrode. This is exemplified in the Supporting
Information (Figure S4). The rather good stability provides a
profound basis for the analysis of the oxygen concentration
based on a pulsed illumination of the QD electrode and
photocurrent detection.

2.3. Study of the O2 Dependence of the Photo-
current. In a next step, it has been verified that under the
negative bias of U = −100 mV versus Ag/AgCl, oxygen can be
detected (Figure 3c). To study the dependence of the
photocurrent on different oxygen concentrations, air-saturated
buffer has been mixed with nitrogen-purged buffer, and the
photocurrent response of the Au/StDT/QD electrodes has
been measured. When the oxygen concentration in solution
rises, the amplitude of the cathodic photocurrent increases.
This verifies that the immobilized QDs can interact with
dissolved oxygen and transfer electrons upon excitation. The
applied bias to the Au electrode can subsequently fill up the
holes in the QDs, and thus, the photocurrent follows the
oxygen concentration. The electrochemical experiments are
also supported by fluorescence studies of QDs in the presence
of oxygen.10,48,49 The observed oxygen sensitivity provides the

Figure 4. Photocurrent behavior of Au/StDT/QD WEs with only one enzyme immobilized as a spot on the QD electrode: (a−c) GOx, (a,b,d)
SOx. (a) Concentration-dependent amplitude I of photocurrent for different glucose and sarcosine concentrations (csubstrate) for WEs with
immobilized GOx and SOx, respectively. (b) Control, showing the unaffected photocurrent for different glucose and sarcosine concentrations
(csubstrate) for WEs with immobilized SOx and GOx, respectively. The raw data for this figure are presented in the Supporting Information (Figures
S7 and S8). (c,d): PEC experiments in which the laser was moved from the enzyme spot to an enzyme-free part of the QD electrode. During the
measurements, the shutter was closed for five intervals at which no photocurrent was measured. The laser movement happened when the shutter
was closed for the third time, that is, without illumination. (c) csubstrate = 25 mM glucose, GOx spot on the chip. (d) csubstrate = 25 mM sarcosine, SOx
spot on the chip. (Laser spot diameter dlaser ca. 0.3 mm, static laser spot illuminating the enzyme-covered region; U = −100 mV vs Ag/AgCl,
measurements performed in air-saturated PBS pH 7.4).
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basis for the combination of QD-modified electrodes with
enzymatic reactions in which oxygen is involved.
2.4. Characterization of Single Enzyme Reactions on

Au/StDT/QD Electrodes. In a first step, only one enzyme
(GOx or SOx) has been immobilized in a spot on top of the
Au/SAM/QD electrode, and glutaraldehyde has been used for
cross-linking. The successful binding of the enzyme to the
electrode can be followed by a small decrease of the
photocurrent of about 30%, when the laser is focused onto
the enzyme spot. This can be attributed to the altered
accessibility of O2 to the Au/StDT/QD electrode at the spot.
After addition of the substrate for both Au/StDT/QD/GOx
and Au/StDT/QD/SOx electrodes, a further decrease of the
cathodic photocurrent up to 75% of the initial signal can be
followed with increasing analyte concentration (see Figure 4a).
This proves that both enzymes retain their catalytic
functionality after immobilization to the Au/StDT/QD
electrode and confirms the PEC sensing principle shown in
Figure 1, allowing for the detection of glucose and sarcosine.
Here, a competitive situation with respect to oxygen is created
between the QDs and the enzymes under illumination and in
the presence of a substrate, resulting in a decrease of the
cathodic photocurrent. To exclude a participation of enzymati-
cally produced H2O2 on the signal generation, control
experiments with up to 5 mM H2O2 have been performed
(Figure S13). At −100 mV versus Ag/AgCl, no photocurrent
change has been observed upon addition of H2O2, demon-
strating that H2O2 is not involved in the light-directed
electron-transfer processes under the chosen experimental

conditions and also confirming the PEC sensing principle
shown in Figure 1.
Furthermore, when sarcosine has been added, no photo-

current change can be observed at the GOx electrode, and
when SOx has been immobilized, no photocurrent response
has been obtained when glucose is added to the solution (see
Figure 4b). The selectivity in response provides a solid
foundation for a multiplexed detection with both enzymes
immobilized on one chip.
Further control experiments verify that the change in

photocurrent upon presence of the substrate is indeed
connected to the enzymatic activity. This can be demonstrated
by moving the light pointer to areas on the Au/StDT/QD
electrode where no enzyme is immobilized. Here, no change in
photocurrent response has been found upon addition of the
substrate (see Figure 4c,d). Despite the noise level obtained, a
clear signal discrimination between chip electrode areas with
and without enzyme can be seen. Consequently, the feasibility
of local photocurrent measurements with a light pointer
illuminating only selected areas of the Au/StDT/QD chip can
be shown.
The operational stability of the Au/StDT/QD/enzyme

electrodes has been tested by performing repetitive measure-
ments, showing a constant signal response for at least five
measurements for both GOx- and SOx-modified electrodes
(Figure S18a,b). Also, a sufficient storage stability up to 7 days
has been obtained for the Au/StDT/QD/enzyme electrodes
corresponding to a signal reduction to 93 and 92% of the signal
obtained at the first day for the GOx and SOx spots,

Figure 5. Photocurrent behavior of Au/StDT/QD WEs modified with two enzyme spots on the sensor electrode. Photocurrent measurements have
been performed in which the laser spot illuminated first the bare part without immobilized enzyme, followed by the GOx-modified region and the
SOx-coated zone (from left to right). This is done by moving the laser pointer focus along the surface of the electrode. During measurements, the
laser spot has been blocked 7 times for intervals of a few tens of seconds with a shutter, at which no photocurrent was recorded. Measurements are
performed with a light spot of ca. 0.3 mm diameter at a constant bias of U = −100 mV vs Ag/AgCl in 0.01 M PBS pH 7.4 containing (a) glucose,
(b) sarcosine, and (c) glucose and sarcosine at different concentrations (csubstrate, refer to legend). Shown results correspond to the mean values of
the photocurrent amplitudes I as recorded from three independent chips. The raw data are shown in the Supporting Information (Figures S9 and
S10).
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respectively (Figure S18c,d). The PEC data nicely correlate
with photoluminescence enzyme assays performed on Au/
StDT/QD/enzyme electrodes, showing an enzyme activity
which corresponds to 90% of its initial rate after 7 days
(Figures S19 and S20). This demonstrates that not only QDs
but also the enzyme can be stably fixed to the electrode
without altering the enzyme activity, allowing the repetitive
detection of glucose and sarcosine for several days.
2.5. Multiplexed Detection of Two Analytes in

Parallel on a Chip Electrode Surface Modified with
Two Distinct Spots of Different Enzymes. Here, two
distinct enzyme spots made out of GOx or SOx have been
immobilized on the surface of Au/SAM/QD electrodes. Thus,
each sensing chip comprises three parts: an unmodified part, a
zone with immobilized GOx, and a zone with immobilized SOx
(see Figure S1c). By moving the light spot along the surface of
the WE, the different regions can be illuminated independ-
ently, leading to a laterally controlled photocurrent measure-
ment. Measurements have been performed by successively
illuminating the three parts of the electrode in the presence of
glucose, in the presence of sarcosine, and in the presence of
both substrates. In Figure 5, for all three situations,
photocurrents at the unmodified, the GOx-, and the SOx-
coated regions are shown. The results demonstrate that the
amplitude of the photocurrent only decreases when the laser is
on the enzyme spot and the corresponding substrate is in
solution, for example, upon illumination of the GOx spot in the
presence of glucose.
In fact, when the laser illuminates the GOx spot, the

amplitude of the photocurrent only decreases if glucose or a
mixture of glucose and sarcosine is in solution, while the
addition of sarcosine without glucose results in no signal
change. When the laser illuminates the SOx spot, the
amplitude of the photocurrent only decreases in solution of
sarcosine and a mixture of glucose and sarcosine. In contrast, if
the laser illuminates areas, which are not covered by the

enzyme, the photocurrent remains unchanged upon addition of
enzymatic substrates. The photocurrent change found at the
enzyme spots increases in a defined way with the substrate
concentration in solution, which is caused not only by the
enzymatic conversion but also by the signal generation at the
QD surface by oxygen reduction. Thus, the PEC system
demonstrates a good sensitivity and selectivity.
In order to analyze the sensing performance in more detail,

the concentration dependence of the photocurrent as recorded
on the three different regions is plotted in Figure 6. The dose−
response curves are fitted by the model of Michaelis Menten:
ΔI(csubstrate) = ΔImax·csubstrate/(KM + csubstrate), whereby ΔImax is
the maximum amplitude of the photocurrent change and KM is
the apparent Michaelis Menten constant, which indicates the
substrate concentration at which the photocurrent has reached
half of the maximum amplitude change (ΔImax/2); ΔI(csubstrate)
= I(csubstrate) − Imax; Imax = I(csubstrate = 0). From the
measurements, the following parameters can be extracted: for
the GOx-coated part with glucose in solution KM = 6.9 ± 0.2
mM and for the SOx-coated part with sarcosine in solution KM

= 7.2 ± 0.3 mM. Compared with the KM values determined for
the enzymes in free solution (GOx: 26 mM,50 SOx: 12.2
mM51), they are smaller but in good agreement with apparent
KM values reported for the immobilized GOx (2−31
mM)10,52−54 and SOx (2−22 mM)31,50,55,56 in sensor
constructions.
The lower limit of detection (LOD) 3σ/S is determined by

analyzing the noise level without an analyte (standard
deviation in blank solutions, σ) and taking the signal change
slope (S) from the linear range.8 For glucose detection, a
LODglucose = 0.09 mM, and for sarcosine detection, a
LODsarcosine = 0.11 mM, can be evaluated at the respective
enzyme spot. The slopes in the sensing graphs [I = f(csubstrate)]
for glucose and sarcosine are always similar to the ones using a
mixture of glucose and sarcosine.

Figure 6. Dependence of the photocurrent change of Au/StDT/QD electrodes with two enzyme spots on the chip electrode upon addition of
different concentrations of glucose and sarcosine (bias potential U = −100 mV vs Ag/AgCl, 0.01 M PBS buffer pH 7.4). The laser spot (ca. 0.3 mm
diameter) has been moved to different parts of the Au/StDT/QD surface: (a) GOx-covered part, (b) SOx-covered part, and (c) part without
immobilized enzyme. The error bars result from measurements with three independent WEs.
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These measurements clearly demonstrate the advantage of
light-triggered sensing for multiplexing for enzymatic substrate
analysis. Clearly, sufficient discrimination between the sensor
output and the different spots on the nonstructured planar
QD-modified gold electrode can be achieved by spatially
resolved illumination and photocurrent detection. Well-defined
concentration dependencies can be retained in the multiplex
format.
2.6. Imaging of the Photocurrent Distribution along

the WE Surface.When the laser is scanned over the electrode
surface while measuring the photocurrent continuously, local
photocurrent profiles can be recorded. This might be useful to
analyze enzyme activity distributions on the surface or to
evaluate enzyme immobilization protocols. In order to
demonstrate the feasibility of this concept, we have inspected
the spotlike immobilization of GOx on the QD surface by
moving the light pointer across the electrode surface in the
absence and presence of the enzymatic substrate.
For these kinds of measurements, a compromise between

the speed of surface analysis and the noise level in continuous
photocurrent detection has to be found. The laser pointer has
been moved with a velocity of about vlaser = 42 μm s−1, allowing
still reasonable photocurrent measurements. (For details, see
the Supporting Information, Figure S3.)
For surface analysis, the laser pointer has been moved two

times back and forth in the x- and y-direction over the enzyme
spot in the absence of a substrate. The results in Figure 7a,b
clearly show that the enzyme spot can be imaged by the
photocurrent recordings, as the variation in intensity clearly
mirrors the geometrical structure of the spot. The diminished
photocurrent results from the cross-linked enzyme layer on top
of the QDs, which limits the oxygen access slightly compared
to the unmodified QD electrode area.
In Figure 7c, the corresponding microscopic image of the

enzyme spot is shown for comparison. A distinct coherence of
the photocurrent measurement with the dimensions of the
enzyme spot can be noticed. More quantitatively, the spot size
from photocurrent analysis can be estimated to be 1.8 mm ×
1.2 mm in blank PBS and 1.9 mm × 1.3 mm in glucose
solution, whereas the microscopic analysis gives 1.9 mm × 1.3

mm. Furthermore, the slightly inhomogeneous deposition can
be visualized because higher photocurrent changes are found at
the boarders of the enzyme spot.
In contrast to a microscopic image, the photocurrent

measurement also allows for the test of activity of the
deposited enzymes. Here, the photocurrent in the presence of
glucose in solution has been evaluated by scanning over the
surface. These measurements match very well with the
structural analysis without the substrate but clearly show the
activity by reduced oxygen availability at the QDs. Also, here
the inhomogeneous deposition of the enzyme can be verified.
The photocurrent change covers a larger area than the
structural analysis shows because oxygen is also consumed
around the GOx spot.
This first example may illustrate the potential of photo-

current measurements for imaging purpose because structural
aspects and activity patterns can be detected on top of the QD
surface.

3. CONCLUSIONS

In contrast to LAPS systems, which are based on
potentiometry, the PEC system developed here exploits
defined electron-transfer cascades incorporating the semi-
conductor material itself. This offers great potential for the
design of well-defined signal chains starting from an analyte
molecule in solution. We demonstrate here the proof of
principle for a multiplexed analysis on a nonstructured sensing
electrode by immobilizing two different enzymes that are
spatially separated on a QD-modified electrode and using a
focused light beam as the triggering element. We have been
able to detect the respective enzyme substrate without
observing an interference of a second enzyme substrate present
in solution. This allows for a readout of two analytes on one
sensing platform by exploiting the spatially resolved illumina-
tion of defined areas of the sensing electrode. GOx and SOx
have been used as biological recognition elements and glucose
and sarcosine as respective specific interaction partners. Both
enzymatic reactions are detected by a competitive situation in
front of the QD electrode with respect to oxygen. The
performance of the multiplexed analysis is quite comparable to

Figure 7. PEC imaging measurements at a Au/StDT/QD/GOx electrode: (a,b) the laser spot has been moved back and forth two times in (a) x-
direction and (b) y-direction across the GOx spot, while the photocurrent amplitude is recorded at constant bias potential U = −100 mV with and
without the presence of glucose in solution. The diameter of the laser spot dlaser is around 0.3 mm. The spot dimensions can be calculated from the
scan velocity: Δx = vlaser·Δt; Δy = vlaser·Δt. A replication of the results is shown in the Supporting Information (Figure S11), which demonstrates
reproducibility. (c) Microscopic image of the GOx spot on the surface of the Au/StDT/QD electrode. (d) Sketch of the dimensions of the GOx
spot and indication of x- and y-direction.
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the analysis of individual enzyme−QD electrodes. This shows
good practicability and high accuracy of the multiplexed
system. Also, it proves that small enzyme spots can be used to
achieve multichannel detection successfully, when reliable
photocurrents can be generated with a small beam diameter as
shown here with 0.3 mm. The study thus opens good
perspectives to detect more analytes at the same time in the
future by means of multiple enzyme spots immobilized on one
single chip.
Furthermore, it can be demonstrated that continuous

photocurrent measurements are feasible while moving the
light pointer over the sensing electrode. Collected photo-
current profiles can directly indicate the structural deposits of
enzymes immobilized on the surface. This has been
exemplified with the imaging of an immobilized thin GOx
layer. The photocurrent measurements can however detect not
only structural deposits but also the activity of such features.
This allows for the evaluation of the efficiency of
immobilization protocols in addition to the characterization
of the homogeneity of deposition procedures.
In summary, this new concept which is based on a low-cost

PEC setup has good selectivity, rapid response, and high
accuracy and will undoubtedly open new directions in the area
of surface imaging techniques.

4. EXPERIMENTAL SECTION
4.1. QD Synthesis. CdSe/ZnS QDs were synthesized following a

previously published protocol with slight modification.42 For the
synthesis of the CdSe core, 0.03 g of CdO, 0.11 g of hexylphosphonic
acid, and 3.5 g of TOPO were put into a three-necked flask and
degassed for 20 min at 120 °C. In nitrogen, the mixture was heated
afterward to 300−320 °C to form a transparent solution. Then, this
mixture was cooled down to 270 °C, and 1.2 mL of selenium stock
solution (as obtained by dissolving 0.0255 g of selenium powder in
1.5 mL of TOP) was injected swiftly. The temperature was dropped
by about 20 °C because of the injection, and then it was maintained at
250 °C in the core synthesis. After the injection, the color of the
mixture started to change from colorless to yellow-orange, red, and
finally dark red in 30−40 min. The size of the CdSe cores was
checked every 5 min by UV/vis absorption measurements.42 When
the CdSe cores had grown to the desired size, a ZnS shell (ca. 1.2
monolayers) was further grown on top of them with the solution
temperature maintained at 250 °C. For this, a Zn/S/TOP solution
was made by adding 1.75 mL of diethylzinc solution (ZnEt2 1 M in
hexane) and 0.37 mL of hexamethyldisilathiane in 10.38 mL of TOP.
The Zn/S/TOP solution (1.5 mL) was added to the mixture slowly
and dropwise via a funnel within 10 min. Eventually, the QD solution
was cooled down to 90 °C and stirred for another 3 h at this
temperature to form a stable shell. When the mixture was cooled

down to room temperature (RT), it was diluted with 10 mL of
toluene and was transferred to a glass vial for the further purification.
Methanol (10 mL) was added to the diluted QDs to form a cloudy
solution. This solution was centrifuged at 5000 rcf (relative centrifugal
field, ×g) for 7 min. Afterward, the supernatant was removed, and the
QDs at the vial bottom were collected and diluted by toluene again.
This purification process was repeated at least three times until the
last supernatant was colorless. The cleaned QDs were dispersed in
toluene and diluted to the desired concentration for further use. UV/
vis absorption and fluorescence spectra were recorded in toluene. The
QD concentration was determined from their absorbance.42 The
diameter of the inorganic part of the CdSe/ZnS QDs was determined
by TEM, and the “hydrodynamic” diameter in toluene was recorded
by DLS.

4.2. Fabrication of the WE. The gold electrodes were cleaned by
ultrasonication in acetone, ultrapure water, and ethanol for at least 7
min each. The temperature in the ultrasonic bath was adjusted to RT.
Afterward, the cleaned electrodes were immersed in a 100 μM
solution of StDT dissolved in dry and water-free toluene for 24 h at
350 K to immobilize StDT as a linker on the gold surface.57 The
preparation took place in the N2 atmosphere (glovebox with ≤1 ppm
H2O, ≤1 ppm O2). After being rinsed with toluene and dried, the
StDT-modified chips were further modified with QDs. Therefore, the
chips were immersed for 24 h in 16 μM QD solution at RT. Then, the
resulting Au/StDT/QD chips were rinsed with toluene and dried by
N2. Before measurements and enzyme immobilization, the chips were
equilibrated in PBS for at least 6 h.

4.3. Preparation of PBS with Different Oxygen Contents.
First, PBS buffer was purged with pure N2 for 4 h in order to remove
dissolved O2. After that, the O2-free PBS was mixed with air-saturated
PBS, resulting in buffer with different O2 contents (pO2

) ranging from
0 to 100% (air saturation).10

4.4. Enzyme Immobilization. Four microliters of 400 μM
enzyme (GOx or SOx) dissolved in PBS was pipetted onto the surface
of Au/StDT/QD chips. After that, 4 μL of 0.05% glutaraldehyde in
PBS was pipetted into the enzyme solution on the Au/StDT/QD
chips in order to cross-link the enzymes. When the mixture was dried
in air at 4 °C, PBS was used to rinse the chips to remove unbound
enzyme and glutaraldehyde from the surface.

4.5. Photocurrent Measurement System. A homebuilt setup
was used, which has been described in a previous study.58 A sketch of
the setup is shown in Figure 8, and a photograph is given in the
Supporting Information (Figure S1). A laser light source with a
wavelength of 532 nm was used for the illumination of the electrode
(Changchun New Industries Optoelectronics Tech. Co., Ltd. China).
The illumination of the WE was controlled by a shutter and
modulated with a frequency of 71 Hz by an optical chopper (Scitec
Instruments). The laser was focused by an objective lens from a
microscope and an adjustable pinhole to the surface of the WE. The
diameter of the laser spot dlaser was determined to be 0.3 mm (see
Figure S3), and the absolute output power P of the laser was adjusted
to give an illumination power of ca. 4 mW on the WE. This value was

Figure 8. Schematic diagram of the homebuilt setup of the PEC measurement system. The QD-modified gold chip acts as the WE, whereas an Ag/
AgCl (3 M NaCl) and a Pt-wire serve as reference and counter electrodes, respectively. The whole cell can be moved under the laser pointer. The
light is modulated by a chopper, which is connected to the lock-in amplifier.
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measured with a PM100 series high sensitivity optical power meter
from Thorlabs (Supporting Information, Figure S2). For laterally
resolved measurements, the laser remained fixed, but the electro-
chemical cell with the WE was moved. The movement of the cell was
done with a three-dimensional electrically controlled movement
system (Luigs & Neumann). For the PEC measurements, a three-
electrode setup consisting of a QD-modified gold electrode as the
WE, a Pt wire-based counter electrode, and an Ag/AgCl (3 M NaCl)
reference electrode. The photocurrent was measured with the use of a
lock-in amplifier (EG&G model #5210), which was triggered with the
modulation frequency of 71 Hz. Use of the lock-in amplifier improved
the SNR. The resulting output was then transferred to a personal
computer equipped with an analog-to-digital-converter/digital-to-
analog-converter module (National Instruments). The whole signal
acquisition processes, including the shutter switch, were controlled by
a homebuilt software programmed in LabVIEW (National Instru-
ments). All measurements were performed at RT.
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Villarreal, T.; Goḿez, R. Uncovering the Role of the ZnS Treatment
in the Performance of Quantum Dot Sensitized Solar Cells. Phys.
Chem. Chem. Phys. 2011, 13, 12024−12032.
(46) Hines, M. A.; Guyot-Sionnest, P. Synthesis and Character-
ization of Strongly Luminescing ZnS-Capped CdSe Nanocrystals. J.
Phys. Chem. 1996, 100, 468−471.
(47) Jasieniak, J.; Califano, M.; Watkins, S. E. Size-Dependent
Valence and Conduction Band-Edge Energies of Semiconductor
Nanocrystals. ACS Nano 2011, 5, 5888−5902.
(48) Samia, A. C. S.; Chen, X.; Burda, C. Semiconductor Quantum
Dots for Photodynamic Therapy. J. Am. Chem. Soc. 2003, 125,
15736−15737.
(49) Emin, S.; Alexandre, L.; Masanobu, W.; Seiichiro, N.; Yasuko,
K. Photostability of Water-dispersible CdTe Quantum Dots: Capping
Ligands and Oxygen. Chem. Lett. 2010, 39, 654−656.
(50) Nakamura, S.; Hayashi, S.; Koga, K. Effect of Periodate
Oxidation on the Structure and Properties of Glucose Oxidase.
Biochim. Biophys. Acta 1976, 445, 294−308.
(51) Matsuda, Y.; Hoshika, H.; Inouye, Y.; Ikuta, S.; Matsuura, K.;
Nakamura, S. Purification and Characterization of Sarcosine Oxidase
of Bacillus Origin. Chem. Pharm. Bull. 1987, 35, 711−717.
(52) Gregg, B. A.; Heller, A. Cross-Linked Redox Gels Containing
Glucose Oxidase for Amperometric Biosensor Applications. Anal.
Chem. 1990, 62, 258−263.
(53) Foulds, N. C.; Lowe, C. R. Enzyme Entrapment in Electrically
Conducting Polymers. Immobilisation of Glucose Oxidase in
Polypyrrole and Its Application in Amperometric Glucose Sensors.
J. Chem. Soc., Faraday Trans. 1986, 82, 1259−1264.
(54) Malitesta, C.; Francesco, P.; Luisa, T.; Giorgio, Z. P. Glucose
Fast-Response Amperometric Sensor Based on Glucose Oxidase
Immobilized in an Electropolymerized Poly(o-phenylenediamine)
Film. Anal. Chem. 1990, 62, 2735−2740.
(55) Yang, Y.; Mu, S. The Bioelectrochemical Response of the
Polyaniline Sarcosine Oxidase Electrode. J. Electroanal. Chem. 1996,
415, 71−77.
(56) Lad, U.; Kale, G. M.; Bryaskova, R. Sarcosine Oxidase
Encapsulated Polyvinyl Alcohol-Silica-AuNP Hybrid Films for
Sarcosine Sensing Electrochemical Bioelectrode. J. Electrochem. Soc.
2014, 161, B98−B101.
(57) Khalid, W.; El Helou, M.; Murböck, T.; Yue, Z.; Montenegro,
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ABSTRACT: Layer-by-layer (LbL) assembly is a widely used
tool for engineering materials and coatings. In this Perspective,
dedicated to the memory of ACS Nano associate editor Prof.
Dr. Helmuth Möhwald, we discuss the developments and
applications that are to come in LbL assembly, focusing on
coatings, bulk materials, membranes, nanocomposites, and
delivery vehicles.

The classic realization of layer-by-layer (LbL) assembly
was introduced three decades ago,1−7 with significant
contributions from our colleague, the late ACS Nano

associate editor Helmuth Möhwald.8−33 Research on Langmuir−
Blodgett deposition and later LbL assembly carried out by
Helmuth Möhwald34 created a critically important foundation
for development of multilayer composites based on hybrid
organic−inorganic nanostructures and numerous related tech-
nologies. Early studies in this area involved self-assembly of multi-
layers from graphite oxide,35 clay sheets,36 nanoparticles,8,37−42

and other materials, serving as conceptual growth points for the
evolution of the fields of biomimetic composites, energy materials,
and self-assembly. Numerous studies inspired and authored by
Helmuth Möhwald not only paved the way for rapid expansion
of nanoparticle-based design of nanocomposites, but also led
to understanding biomineralization processes in Nature and
their utilization in diverse areas of technology.43 This field has
since undergone massive expansion that continues to this day,
and LbL is now an established and widely used technique for
coating and encapsulation. With several publications per day,
LbL assembly has matured from a scientific oddity to an acces-
sible and useful tool for the preparation of nanoscale functional
films. It continues to be used to create new commercial products,
making it as interesting for various industries now as chemical
vapor deposition (CVD) and physical vapor deposition (PVD)
were in the 1960s. Whereas the past and the present of LbL have
been extensively reviewed,11,44−50 in this Perspective, we focus
on future opportunities using this exciting technique.
The classic realization of layer-by-layer assembly as a dip-

and-rinse process has several conceptual advantages over other
methods of materials preparation that predicated its wide use
in science and technology. First, compared to other techniques,

for instance, sequential spin-coating, it enables preparation
of nearly ideal conformal coatings on surfaces of any topog-
raphy. Thus, it has been applied to planar surfaces, spherical par-
ticles, inside pores, and onto other more complex geometries.

Second, LbL is universal and flexible. It is compatible with other
chemistries, meaning that a wide variety of different surfaces can
be coated, not only charged substrates. The sequential assembly
of the layers involves a washing step after the addition of each
layer, which reduces the excess non-assembled materials or
molecules. Because of the large variety of materials out of which
layers can be formed, LbL enables convenient surface chemistry
tailoring. Another important characteristic of LbL technology
is the broad and independent variability of each double layer,
which, in contrast to many other coating and encapsulation
technologies, enables the modular construction of multifunc-
tional devices like a box of bricks that have different properties
and can be combined in different ways. These properties, com-
bined with the availability of various stimuli51−55 to control
responsiveness of polyelectrolyte assemblies, make LbL an
extremely versatile technology platform. Third, the LbL method
replicates the essential aspects of physics and chemistry of
materials engineering in living organisms, and therefore, it leads
to the amazing spectrum of biomimetic materials. Importantly,
they may or may not be based on biomacromolecules pertaining
to a specific biological process. Replicating the molecular-scale
adaptation of the different structural components at the inter-
faces taking place in, for instance, biomineralization, one can
attain structures and properties equal to or better than those of
materials found in biology.56 Note, however, that as with
biology, many LbL processes require time for atomistic relax-
ation at the interfaces. Although the formation of multilayers
approaching thermodynamic equilibrium is a rather time-
consuming process, many future technologies will require such
highly complex structures. This complexity will be illustrated
below for some especially promising developments in this field.
Of note are several successful reports of accelerating LbL
processes using automated procedures on both planar and
colloidal templates.57−61 In parallel, endeavors have also been
undertaken to produce coatings with properties similar to
those of LbL films but using single-step approaches.62−64

In this Perspective, we highlight future directions with a
focus on three areas: (1) functional coatings on planar and
highly curved surfaces, (2) free-standing membranes and bulk
materials, and (3) delivery vehicles based on encapsulation
for biomedical applications.

LAYER-BY-LAYER-BASED FUNCTIONAL SURFACE
COATINGS

Versatility of Coatings. Layer-by-layer coatings are
extremely versatile. They enable variability in (1) composition,
i.e., the integration of different materials; (2) vertical structuring
normal to the surface, i.e., the possibility to create defined

Numerous studies authored and
inspired by Helmuth Möhwald not
only paved the way for rapid expansion
of nanoparticle-based design of
nanocomposites, but also led to
understanding biomineralization
processes in Nature and their utilization
in diverse areas of technology.
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sequences of layers;65 and (3) anisotropic alignment, i.e., to
orient anisotropic materials within layers.
(1) Toward Multinanocomposites. Among all methods for

functionalizing surfaces, LbL assembly arguably has the largest
choice of deployable components (inorganic salts, organic
molecules, polymers, DNA,66,67 graphene oxide, biomolecules,
lipids, nanoparticles, or biological objects including cells68).
In polyelectrolyte multilayers, one can bring tens (if not
hundreds) of materials together in ordered ways, whereas the
number of components in most current nanocomposites is less
than ∼20. The precision of LbL in controlling the structures of
materials bridging the molecular, nano-, meso-, and micro-
scales69−72 makes it possible to create conformal coatings with
exceptionally high curvatures, including functionalized par-
ticles,73−76 and to design self-assembled nanocomposites with
previously unexpected combinations of macroscale proper-
ties.36,69,77 Along these lines, LbL makes it possible to demon-
strate the transition between nano- and macroscale optical
effects in gold films experimentally by precisely tuning inter-
particle distances in multilayers of silica-coated gold nano-
particles,78,79 leading to extremely efficient substrates for
surface-enhanced Raman scattering (SERS) detection.80 The
fundamental findings regarding rare combinations of properties
made using LbL-based composites were confirmed using other
techniques, such as vacuum-assisted filtration81−83 and spin-
coating.84 Layer-by-layer assembly enables the design and pre-
paration of materials with adjustable multifunctionality, which
is difficult, if not impossible, using other formulation tech-
nologies. Thus, LbL offers the tools to fabricate advanced
materials by combining heterogeneous components with
potential applications in optoelectronic devices, smart surfaces,
solar cells, etc.
(2) Toward Three-Dimensional (3D) Coatings. The LbL

technique also offers multiple approaches for the fabrication of
composite materials from heterogeneous components, where
the compositions of the materials are varied in the direction
normal to the substrate. In addition to gradients in chemical
composition, one can also vary the mechanical, optical, and
electronic properties of composites in the vertical direction.
The LbL concept can also be integrated with other nano- and
microfabrication techniques. In particular, the use of printing
strategies and combinations with other 3D coatings with vari-
able vertical composition are possible. Combining LbL assembly
with other modern strategies (e.g., roll-to-roll, lithography, and
3D printing, etc.) as well as high-throughput production
methods57,58,85−88 is beneficial for the preparation of novel
functional LbL composites. Note that multilayer nanocom-
posites, made by LbL and Langmuir−Blodgett deposi-
tion, are extensively used in industry already, albeit produced
using closely related, derivative methods. Some representative
examples of these multilayer composites are those based on
various forms of nanocarbons (graphene, graphene oxides,
graphene, nanotubes, nanoribbons, graphene carbon quantum
dots, etc.81,82,89−91) and those based on various forms of
ceramic nanoplatelets (clay, metal oxides, MXenes, etc.89,92−94).
The former are employed in energy technologies, whereas the
latter are used in membrane and coating technologies. In each
case, the composite multilayer production is reliable, scalable,
and low cost due to self-assembly of anisotropic colloids. Future
directions in multilayer biomimetic composites are likely to
include computational design of the multilayers starting from
molecular dynamics95−97 and coarse-grained models of the
multilayers.92

(3) Toward Materials with Complex Anisotropies. Most of
the current materials are isotropic. Materials with anisotropic
properties are, in general, more difficult to prepare and to
characterize. For example, grazing incidence spraying98 enables
alignment of nanowires, nanorods, and nanofibers in plane99,100

during the deposition of individual layers in LbL films. With
unidirectionally oriented multilayers, one can fabricate films
containing ultrathin polarizers.100 This approach, however, is
capable of producing more complex anisotropies, even over
large surface areas, by changing the direction of alignment
in each individual layer of a multilayer film. We are just starting
to realize materials with crisscross and even helical superstruc-
tures. Materials with such anisotropies are likely to be interesting
for various applications in mechanics, photonics, and other areas.

Protective Coatings. Layer-by-layer assembly provides a
convenient coating strategy for the protection of consumer
products, such as paints for corrosion protection or antigraffiti
coatings.101−104 Here, among the spectrum of technological
advances based on LbL materials, one should mention anti-
corrosion coatings investigated by Möhwald and co-workers.
Andreeva et al. deposited oppositely charged (PEI/PSS)n
polyelectrolyte (PE) multilayers on aluminum surfaces.102 The
corrosion processes on the aluminum surfaces were blocked due
to the pH-buffering ability of polyelectrolyte-based LbL coatings
(Figure 1a). Another representative advance in this area is
halloysite nanocontainers for anticorrosion coatings. Shchukin
et al. first deposited LbL-assembled polyelectrolyte multilayers
of (PAH/PSS)n on the surfaces of inhibitor-loaded halloysite
nanotubes.105 After the halloysite nanocontainers were embed-
ded, the sol−gel SiOx/ZrOy active composite coatings with the
nanocontainers showed long-term anticorrosion performance.
The LbL composite multilayers provide effective storage and
prolonged release of the inhibitor. Similarly, SiO2 particles
coated with LbL multilayers entrapping inhibitors were used as
nanocontainers to achieve self-healing and anticorrosion
composite coating simultaneously.18,103 Li et al. also designed
a silica/polymer double-walled hybrid nanotube loaded with
active molecules for metal corrosion protection.106 A new
generation of anticorrosion coatings that possess passive matrix
functionality and that actively respond to changes in the local
environment has been introduced.107 Active corrosion pro-
tection aims to restore the properties of the material when the
passive coating matrix is broken and corrosion of the substrate
has started. The main component of the self-healing
anticorrosion coatings are capsules in flat layers, which provide
controlled release of the corrosion inhibitor on demand and
only inside the corroded area (see Figure 1a). This release acts
as a local trigger for the mechanism that heals the defects. The
LbL assembly approach is an effective tool for the fabrication
of the capsule shells, controlling release of the corrosion
inhibitor on demand. Layer-by-layer assembly enables the use
of various materials as shell components, utilizing weak, mostly
electrostatic forces for their assembly. Depending on the nature
of the “smart” materials (e.g., polymers, nanoparticles) intro-
duced into the container shell, different stimuli can induce
reversible and irreversible shell modifications: pH, ionic strength,
temperature, ultrasonic treatment, and electromagnetic fields.
The different responses that can be observed vary from fine
effects, such as tunable permeability, to more profound ones,
such as total rupture of the container shell. These different
behaviors depend on the composition of the polyelectrolyte
multilayers (e.g., weak polyanion−weak polycation or strong
polyanion−weak polycation-based interactions).
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Coatings for Photonics and Energy-Related Applica-
tions. There are numerous energy applications that can take
advantage of the tunable mechanical, electrical, and chemical
properties of LbL composites.108 In fact, the first implementa-
tion of graphene composites on electrodes currently used in a
variety of batteries, supercapacitors, conductive inks, and fuel
cells was demonstrated in LbL composites referring to these
materials as graphite oxide in 1996.35 The excellent laminar
organization of the films also afforded demonstration of the

transition from the nonconductive state of graphite oxide to
reduced graphene and their utilization in lithium batteries.109

Composite materials with identical layered design were later
produced by other techniques, such as vacuum-assisted filtration,
are widely used in the technology.81 There are also many other
energy-conversion devices that employ LbL multilayers from
electroconductive materials which include batteries, super-
capacitors, catalysts, solar cells, and fuel cells, and these modern
applications frequently place higher demands on the performance

Figure 1. (a) Layer-by-layer assembly can be used in protective coatings in several ways, e.g., as nanoreservoirs of corrosion inhibitors and in
multicomponent coatings. (b) Layer-by-layer assembly can be used for biomolecule immobilization in sensing devices and biofuel cells.
(c) Layer-by-layer assembly can be used in photoelectrochemical devices to create 3D structures; in medical devices, different biological
materials can be assembled in each layer independently. (d) Tailored coatings for better control of cell−surface interactions. (e) Layer-by-
layer assembly can be used in antibacterial coatings of implants.

ACS Nano Perspective

DOI: 10.1021/acsnano.9b03326
ACS Nano 2019, 13, 6151−6169

6154

http://dx.doi.org/10.1021/acsnano.9b03326


of the composites.110 Layer-by-layer multilayers can integrate the
properties of different constituent materials, and judicious design
enables them to take on multiple roles and function-
alities, for instance, as battery anodes or ion-transporting
membranes.111−113 Layer-by-layer assembly also facilitates the
creation of controlled assemblies to study photonic properties of
materials. Layer-by-layer assembly enables composite functional
materials that combine polymers with oppositely charged
nanoparticles. Such structures can easily be created on planar
substrates114−117 and on colloidal microspheres.23,118−120 The
organized superstructures from semiconductor nano-
particles (NPs), also known as quantum dots (QDs), can
also be made using LbL as was demonstrated for CdS, PbS,
and TiO2.

121 The advantage of QDs compared to graphite/
graphene oxide is that they are capable of emitting in the
visible114,122 and near-infrared122 parts of the spectrum; this
property has been used to fabricate luminescent self-assembled
films and to study energy transfer in such composites.115

Directed energy transfer from specific layers of QDs toward an
interface or electrode was made possible exactly due to the
possibility of arranging the LbL layer in the order of decreasing
or increasing band gaps in graded semiconductor nanostruc-
tures.123 Excitation recycling in LbL-grown graded band gap
QD structures has been demonstrated116 and ascribed to
superefficient exciton funneling to the layer containing the
largest QDs.117 Besides graphene, layer-by-layer assembly is
also compatible with other emerging two-dimensional (2D)
materials such as hexagonal boron nitride whose LbL coatings
yield exceptional performance as gate dielectrics in graphene
field-effect transistors.124 Last but not least, LbL has been used
to build coatings for electromagnetic shielding. Flexible and
electrically conductive thin films are required for electromag-
netic interference (EMI) shielding of portable and wearable
electronic devices.93 The LbL technique enables combinations
of nanoparticles and polymers, providing a platform for devel-
oping hierarchical architectures with a combination of properties
including mechanical strength, transparency, and conductivity.89

Spin-spray LbL enables rapid assembly of 2D Ti3C2 MXene−
carbon nanotube (CNT) composite films for EMI shielding.
These semitransparent LbL MXene−CNT composite films
showed high conductivities and high specific shielding effec-
tiveness, which are among the highest reported values for
flexible and semitransparent composite thin films.
Biomolecule Immobilization for Sensing and Biofuel

Cells. The LbL technique has found widespread applications
in the fixation of biomolecules to surfaces49,125 because it
enables (1) engineering of man-made materials with structural
analogy to biomaterials; (2) the controlled deposition of
biomolecules because deposition can be governed not only by
the number of layers but also by adjusting pH, ion concen-
tration, temperature, and polyelectrolyte and biomolecule
concentrations in each layer; (3) the defined integration of
different biomolecules in different layers and, thus, the creation
of sequential signal chains; and (4) the incorporation of other
functional components, such as mediators, which can facilitate
electron transfer between immobilized molecules and electrodes
or lipids, which, in turn, facilitates integration of more
hydrophobic membrane proteins.126 Furthermore, additional
layers on top of the biomolecular assembly enhance the stability
of the coatings and ensure efficient discrimination against
unwanted species when the multilayer structure is used for
sensing purposes. Interestingly, biomolecules cannot simply be
passively incorporated into LbL architectures, but because they

often carry charges, they can be used as separate building blocks
in the assembly process. In this context, alternating polymer/
biomolecule or NP/biomolecule structures can be formed,127,128

as well as pure biomolecular LbL assemblies, such as DNA/
protein or protein/protein multilayers.129 The beauty of the
technique can also be demonstrated by immobilizing different
biomolecules in different layers on the sensing surface. This
localization enables the construction of defined signal pathways
by exploiting sequential reaction schemes. Here, reaction
products formed in one layer can be further converted in a
subsequent layer, as shown in Figure 1b.13 These artificial
architectures can mimic biological functions, such as sequential
electron transfer reactions or switchable pathways.130 This capa-
bility enabled, for instance, the first implementation of tissue-
adapted neuroprosthetic implants from conductive composites131

and light-induced excitation of neurons.132 Further steps in this
directions can be based on direct electron transfer between the
immobilized protein molecules. The LbL technique enables
the artificial arrangement of redox centers, while keeping them
in or close to their natural states. Here, developments are still
at early stagesmore advanced structures appear to be feasible
though, such as the arrangement of enzymes into complex
cascades to create artificial metabolome structures with high
efficiency.133−135

Switchable Coatings for Photoelectrochemistry. Elec-
trochemical devices can be controlled by light based on
photosensitive switches, such as QDs.136−139 Light-generated
charge carriers can create photo currents, which enables both
control and monitoring of electrochemical reactions (see
Figure 1c).140 Inorganic, photoactive materials such as QDs
are commonly used in such applications, but light-sensitive

biomolecules have also gained considerable interest for the con-
version of light into electrical or chemical energy.141 An example
is the protein supercomplex photosystem I, which can be
assembled with the help of negatively charged DNA and the
positively charged redox-protein cytochrome c. This system
generates well-defined photocurrents, the magnitude of which
depends on the number of deposited layers.142 Charge transfer
in LbL structures has been well-studied by numerous
groups.14,17,127,143−145 Layer-by-layer assembly can be used to
increase the coverage of redox active molecules by assembling
3D structures, thereby dramatically increasing the analytical
signal, but also improving the signal-to-noise ratio (SNR).146,147

The response from multilayer structures is significantly enhanced
compared to the response from single monolayer-based struc-
tures. In addition, different kinds of biological modifications
can be introduced to the LbL structures of the photoelectro-
chemical devices. For example, LbL offers the convenient
possibility to immobilize enzymes, thereby controlling redox
reactions close to the light switches as fixed on the surface of
the electrodes. The porous structures of LbL films enable sub-

The layer-by-layer technique enables
combinations of nanoparticles and
polymers, providing a platform for
developing hierarchical architectures
with a combination of properties
including mechanical strength,
transparency, and conductivity.
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strates to reach the enzymes and cosubstrates or reaction pro-
ducts, such as O2 or H2O2, to reach the light switches.148−150

In the future, we expect antibodies and DNA to be
incorporated as recognition elements into LbL-based struc-
tures. Creating defined sequences of antibodies or oligonucleo-
tides within the 3D assemblies is also an important goal.151,152

There is great potential for photoelectrochemical devices to be
developed that can sense multiple analytes in parallel. Layer-
by-layer structures can also introduce good biocompatibility by
modifying working electrodes in such a way that applications in
cell-based detection become possible. The detection of several
metabolites will enable more specific studies of cellular
activities.152 Moreover, the biocompatibility and the ease of
preparation of LbL-based systems will enable the fabrication
of miniature sensors for human uses such as wearable health
monitors and portable environmental monitoring devices.
In addition, electrochromic coatings can be produced by self-
assembly of 2D titanium carbide (Ti3C2Tx) MXene and gel
electrolyte with a visible absorption peak shift from 770 to
670 nm and a 12% reversible change in transmittance with a
switching rate of <1 s when cycled in an acidic electrolyte
under applied potentials of less than 1 V.153 The LbL film can
act as both transparent conductive coating and active material
in an electrochromic device, opening avenues for a number of
optoelectronic, sensing, and photonic applications. Hybrid
systems prepared by LbL assembly of polyoxometalate clusters
and poly(4-vinylpyridine) also show reversible electro- and
photochromic behavior.154,155

Tailored Coatings for Better Control of Cell−Surface
Interactions. For many applications, detailed understanding
of the interface between cells and underlying substrates is
critical.156,157 It is well established that LbL assembly offers a
means to immobilize different biomolecules on surfaces using
mild deposition conditions (see Figure 1d).158 Layer-by-layer
assemblies can integrate plasmids,159 growth factors,160 pro-
teins, genetic material, antibodies, and antibiotics directly into
the layers or the components can be precomplexed with poly-
electrolytes and then assembled as complexes.161 For such
biological components, e.g., for growth factors, their action can
be extended in time162 or triggered by external stimuli, whereas
their controlled release can be regulated by barrier layers. Multi-
layers can be prepared from biocompatible polyelectrolytes and
their mechanical properties; wettability, and interactions with
proteins and cells, can be fine-tuned by chemical cross-linking,
thermal annealing,163 or the addition of nanoparticles into the
assembly (see Figure 2).164 This strategy enables the availability
of biomolecules on surfaces to be controlled.162,165,166 Imagine
chemically identical surfaces (composition, roughness, etc.),
below which nanoreinforced strata are hidden (i.e., deposited)
that enable control of the tensile strength of the interface. Other
combinations of surface properties can be deposited on top of
cell-culture gels. Such surface engineering would be extremely
useful for implants and scaffolds as a means to enhance cell
adhesion, mobility, and differentiation. In the long term, there
are numerous different ways for the LbL technique to be imple-
mented. For example, they can be used to modify scaffolds and
implants to create customized environments and interfaces
in tissue engineering. Layer-by-layer assembled surfaces can
also be laterally patterned as substrates for the growth of cells.
Micropatterned deposition of LbL films has been used to
generate architecturally organized cellular structures that better
mimic the complex microstructures of tissues in the body. For
example, patterned cocultures were generated by sequentially

depositing micropatterned LbL films made of hyaluronic acid
and polylysine or collagen that could be used to render regions
of a surface adhesive to cells.167,168 In such cultures, patterned
cocultures of liver cells and fibroblasts showed increased func-
tionality compared to various controls.
This strategy ultimately results in a multitude biomimetic

composites including those made in bulk form. The diverse
composite structures replicated using LbL assembly170−173

made possible ex vivo replication of nacre,36 enamel,170 extra-
cellular matrix,174,175 and models of cellular organelles.176−178

By combining LbL assembly with other fabrication techniques
at the micrometer and millimeter scale, tissue replicas with

complex geometries have been obtained, such as for bone
marrow.179,180 The exceptional materials properties of the
multilayer composites and the generality of the approach have
also made possible the design, fabrication, and implementation
of implantable devices,132,181,182 sensors,53,183,184 drug-delivery
vehicles,185,186 and optical devices,187,188 exceeding the
performance of existing technologies.

Antibacterial Surface Coatings. The advent of LbL films
has led to several new strategies for the development of
antibacterial coatings, from the fabrication of multilayers with

Figure 2. Scheme of the protein adhesion mechanism and the
effects on cell adhesion for non-annealed poly(L-lysine/alginate)
(PLL/Alg) and annealed-PLL/Alg.157 Results from the exchange-
ability assays are schematically described. On annealed PLL/Alg
layer-by-layer (LbL) surfaces, proteins exhibit augmented inter-
actions with the substrate, the exchangeability is reduced, and
fibronectin (FN), either alone or in cooperation with bovine serum
albumin (BSA), has stronger interactions with the LbL surface
coating. The effect on cell adhesion is also illustrated.169 The
objects depicted in the scheme are not to scale, and for FN, only
the FN III fragment is represented. Adapted with permission from
ref 150. Copyright 2019 John Wiley & Sons, Inc.

Micropatterned deposition of
layer-by-layer films has been used to
generate architecturally organized
cellular structures that better mimic the
complex microstructures of tissues in
the body.
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cationic polymers that disrupt bacterial membranes,189 to the
assembly of antibacterial nanomaterials such as silver nano-
particles or graphene oxide,190 to the encapsulation of antibio-
tics in the multilayers, to combinations of all these elements.191

The LbL assembly can include several layers of nanomaterials,
combine layers of different nanomaterials in a film, or facilitate
inclusion of antibiotics in the films by complexing with the
polymers (see Figure 1e). Many antibiotics have charged
groups that can be used to form complexes with polyelectro-
lytes in the LbL films or assembled in films replacing poly-
electrolyte layers. The LbL technique has the advantage that it
can be applied straightforwardly on almost any charged surface,
and antibacterial coatings could be developed for medical
devices as well as for implants. In particular, the LbL technique
has significant potential in the design of antibacterial coatings
that can inhibit nosocomial infections during implant surgery.
An optimal antibacterial coating for bone implants based on
release of an antibiotic should involve an initial burst release
at the time of surgery, followed by prolonged release over the
weeks following the surgical intervention to ensure bone tissue
regeneration.192 The LbL technique can be used to design films
capable of fully or partially degrading and releasing antibiotics
at different times and rates. Examples in the literature show
that aminoglycans, such as gentamicin, can be released from
LbL films, combining burst and steady releases that would be
particularly suitable for implant surgery.193 Moreover, the LbL
technique enables the additional assembly of growth factors on
the coating that can counteract negative effects on cell growth
and differentiation caused by a high localized dose of anti-

biotics.194 These combinations can result in films with enhanced
antibacterial properties and in the design of coatings suitable
for different environments in multiple medical settings or for
antifouling applications.

LAYER-BY-LAYER-BASED MEMBRANES

Purification Technologies. Another future for LbL
coatings lies in separation technologies, such as liquid or gas
permeation membranes (see Figure 4).69,195,196 Significant
pioneering work has already been carried out,197−201 starting
with gas separation membranes,69 but recently, LbL membrane
modification for fresh water production has been explored
further. Nanofiltration membranes for the removal of particles
down to virus sizes of ∼35 nm are not able to retain dissolved
materials, such as ions, leading to issues with water hardness,
low molecular weight pharmaceutical agents, etc., which
become increasingly problematic in fresh water prepa-
ration. However, reverse osmosis (RO) membranes consume
a great deal of energy and retain all salts, which is not useful for
drinking water. In contrast, a few LbL-assembled layers of
poly(diallyldimethylammonium chloride) (PDADMAC)/PSS
on top of tubular filtration membranes of pore size 20 nm are
able to increase the retention of magnesium sulfate from
5% to over 90% and for several endocrines above 50−90%
depending on the endocrine type (see Figure 5).202 In contrast
to RO membranes, these LbL membranes allow permeation of
sodium chloride, maintain high fluxes, and require much less
pressure and energy. Up to now, the LbL coating of
membranes has been evaluated only for films based on the

Figure 3. Changes in cell adhesion and in the physicochemical properties of layer-by-layer (LbL) multilayer coatings induced by thermal
annealing.157 (a) Scheme of the assembly and annealing protocols. (b) Phase contrast images of C2C12 cells adhered on glass, poly-L-lysine/
alginate (n-PLL/Alg, a-PLL/Alg), n-chitosan/hyaluronic acid (n-Chi/HA), or a-Chi/HA as indicated. (c) Average cell adhesion spreading
area from cells seeded on glass, n-PLL/Alg, a-PLL/Alg, n-Chi/HA, or a-Chi/HA polyelectrolyte multilayers. (d) Changes in physicochemical
properties of polyelectrolyte multilayers upon annealing. Adapted with permission from ref 150. Copyright 2019 John Wiley & Sons, Inc.
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combination of one polycation with one polyanion. However,
one can imagine that a multifunctional coating could improve
the membranes further. The first layer on the mem-
brane has to ensure a good connection of the LbL film to
the membrane in order to resist sufficiently high-pressure back-
flushing cycles. Furthermore, the first polyelectrolyte has to
be assembled exclusively on top of the pores and should not
penetrate into the pores, as otherwise these would be blocked.
The intermediate layers should utilize a design in which the
mesh size controls the retention of the analyte and also ensures
the removal of specific pollutants.91 Finally, the outermost
layer should reduce the fouling behavior of the membranes
by controlling its hydrophilic properties and electrostatic
repulsion.203−205

Introducing Channels in Biological Membranes.
Biomimetic nature of LbL materials opens the possibility to
replicate biological membranes. Cell membranes comprise not
only lipids but also high protein content,206 for example, trans-
membrane proteins that form channels for molecular transport
into/out of cells. Lateral inhomogeneity is important. Here lies
one big challenge for the future. To date, LbL structuring has
predominantly only been possible perpendicular to the surface,

i.e., by variation of the compositions of the different layers.
However, in order to create LbL-assembled membranes mim-
icking the function of biological membranesfor example,
with integrated protein-based channelslateral structuring
would also be required. In the simplest case, “channels” in the
form of holes could be introduced, for example, by nano-
plasmonic heating.207 Another option lies in tethered
membranes. In recent work, dense membranes with limited
defects and high resistivity were assembled on top of
multilayers.208−211 These membranes can contain channels
with selective ion permeability.212 For electronic sensing, the
multilayers provide a means to control the distance of the lipid
bilayer from the electrodes, which is particularly useful for
membranes incorporating channels and transmembrane
proteins, avoiding undesired effects from the electrode on
channel and protein behavior.212 Another method for lateral
structuring might be based on the fusion of microcapsules.213

Still, despite the numerous ideas outlined here, lateral
structuring of LbL films remains a challenge.

LAYER-BY-LAYER-BASED ENCAPSULATION FOR
DELIVERY VEHICLES

Layer-by-layer Assembly for Encapsulation. Layer-by-
layer technology for micro- and nanoencapsulation was intro-
duced ∼20 years ago and initially looked extremely promising
(see Figure 6).10,11,214−219 The key advantage was considered
to be the simplicity with which one could construct multifunc-
tional delivery systems. In fact, LbL capsules can combine
multiple functions and external responsiveness. However, LbL-
based encapsulation suffers from high permeability of small,
water-soluble molecules (i.e., leaching) and rather time-
consuming processes for fabrication. Some of these problems
have been solved, such as expanding the class of molecules that
can be encapsulated (e.g., doxorubicin, paclitaxel, liquid crystals,
siRNA) without severe leaching,44,45,220−225 and inroads have
been made into the problem of scale-up.61,226,227 This approach
has also been made possible by extending the initial capsule
geometries to more sophisticated structures, such as capso-
somes, etc.228−235 The capsule shells can also be labeled with dif-
ferent types of nanoparticles, providing contrast for imaging118−120

or enabling magnetic targeting.236,237 Currently, the technology
still has potential, particularly in areas where other technologies are
not available. A number of studies on various cell types, including
macrophages, dendritic cells, neurons, and stem cells, have

Figure 5. Retention of different endocrines by an uncoated
poly(ether sulfone) membrane (red) and by a layer-by-layer
(LbL)-coated (PDADMAC/PSS)4 membrane (green). Unpub-
lished data by the group of Lars Da ̈hne.

Figure 4. Layer-by-layer (LbL) assembly can be used for membranes for gases and liquids.
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demonstrated that incubation with cells results in internali-
zation of capsules by cells without significant effects on cell
viability.238−240 The elastic properties facilitate their uptake as
the capsules can easily be deformed during internalization.241−244

In other words, cells were found to tolerate capsule inter-
nalization, which is not always the case for other delivery systems.
Detailed studies on the tissue response after subcutaneous245 and
pulmonary246 administration of degradable LbL capsules
composed of polypeptide and polysaccharide building blocks
have also demonstrated that LbL capsules exhibit a moderate
foreign body response and are easily internalized by immune
cells, such as macrophages and dendritic cells. This advance
should pave the way for further development of such carriers in
advanced vaccine technologies. In summary, LbL offers a good
platform for delivery of encapsulated cargo inside cells, which is
discussed below in terms of drug delivery and imaging/sensing.
Because the capsules remain in endosomes/lysosomes after inter-
nalization, endosomal escape and translocation of encapsulated
compounds to the cytosol remains a significant hurdle.
Delivery of Therapeutic Agents. The LbL technique

opens the possibility of assembling therapeutics in between
layers of polyelectrolytes, on top of nano/microparticles that
protect a certain cargo, while, at the same time, making multiple
functional groups available in the polyelectrolyte, which can be
engineered to generate stealth coatings for targeting delivery. For
the delivery of encapsulated therapeutics in polyelectrolyte
multilayers, the assemblies must degrade, liberating the material
entrapped between the layers. However, as we noted above,
LbL assemblies have intrinsically semipermeable properties
that can be tuned by means of layer numbers and thicknesses
as well as by the type of the interacting polyelectrolyte pairs,
resulting in leaching even before intended degradation and
subsequent release. Thus, the initial euphoria in scientific articles
to encapsulate low molecular weight drugs and to release them
in a controlled manner on demand has not yet translated into
real-world applications. As previously noted, the most critical
reason for this difficulty in translation is the high permeability
of the films for small molecules (see Figure 7). Even for the
very dense polyelectrolyte system poly(allylamine hydrochloride)/
polystyrenesulfonate (PAH/PSS), researchers recorded release
rates ranging from minutes to a few hours for water-soluble
molecules having molecular weights below 5 kDa.247 In con-
trast, large molecules with molecular weights above 10 kDa can
be permanently immobilized, either in the polyelectrolyte

layers or in capsules comprising polyelectrolyte walls. This
same conclusion has been shown over the past decade for a
variety of biomolecules, including proteins, such as antibod-
ies;248 growth factors;249 hormones;250 enzymes;251 nucleic
acids, such as DNA plasmids;237 different types of RNA
molecules, such as silencing RNAs;252 and polysaccharides
such as alginate, carrageenan, chitosan, and hyaluronic acid.253

In parallel, new therapeutic avenues based on the delivery of
high molecular weight drugs, for instance, at the site of the
implantation of LbL material.159 Plasmids, specific antibodies,
RNA, or DNA can be delivered by incorporation in LbL films
and can be utilized as personalized medicines. However, due to
the sensitive and specialized recognition of such molecules by
our immune system, it is hard to deliver them efficiently in vivo
to the intended targets. For this purpose, LbL assemblies could
have a bright future in the form of capsule formulations,
because the necessary multifunctionality can be delivered by
LbL technology. For example, an ideal capsule should have an
inner surface that is not interacting with the biomolecule in
order to retain its functionality. The intermediate layers
determine the release behavior, which could be controlled slow
release, immediate release caused by an internal trigger (e.g., by

Figure 6. Layer-by-layer (LbL) assembly can be used to fabricate encapsulation platforms for nanodelivery.

Figure 7. Permeability of layer-by-layer (LbL) membranes
consisting of different polyelectrolyte combinations (8 layers) for
small molecules (fluorescein). Unpublished data from the group of
Lars Da ̈hne.
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the lower pH value in cancer cells or by specific enzymatic
surroundings254,255) or release activated by an external trigger
(e.g., NIR light,22,237,256−258 X-ray radiation, ultrasound
(US),259−261 or magnetic fields262,263). Internal triggers can
readily be created by combining polycations and polyanions in
such a way that their degradation will be fast or slow. The
sequential assembly of polyelectrolytes in LbL enables control
over the composition of the layers in the vertical direction and
could be used to deliver different therapeutics progressively.
For example, two siRNA molecules with complementary
actions could be assembled in different positions within the
LbL film, so that they are released sequentially. Degradation of
the multilayers in biological fluids or intracellularly can be
selected because matrices can be programmed by varying the
assembly conditions, the number of assembled layers and the
combination of polycations and polyanions. The surface layer
is also important: It should not be recognizable by the immune
system in order to realize high circulation times, but it should
nonetheless bind specifically to a defined target. In the case of
systemic delivery, there is the problem of targeting, i.e., to
produce locally enhanced concentrations of the pharmaceutic
agent at the desired target site. One interesting approach,
which has not yet been fully exploited, is cell-mediated delivery,
where cells are used as natural transporters to carry the encap-
sulated materials to a targeted site.264 Here, externally driven cell
navigation could be used.265 In vitro studies have demonstrated
that cell motion is possible in magnetic field gradients if the cell
has internalized magnetic capsules.266 Magnetic capsules can
bring genetic materials inside the cells and reprogram the cells in
such a way that the follow-up sorting of altered and nonmodified
cells can easily be done by magnetic sorting.267 Such magnetic
targeting is biocompatible. The ability of mesenchymal stem
cells (MSCs) to differentiate was not affected by magnetic
manipulation.268 This is important, as MSCs impregnated with
capsules could be used as natural cargo transporters. Also,
whereas many applications focus on systemic delivery, local
delivery may offer new approaches, which deliberately avoid
the “targeting” issue. One interesting example is LbL particles
that were designed for transdermal delivery of vaccine and
adjuvant peptides via hair follicles. In contrast to dissolved
molecules, particles in sizes ranging between 300 and 900 nm
can be inserted in hair follicles by intense massage.269 The
diffusion of vaccines to the Langerhans cells in the skin is much
easier through the follicle membrane than through the epidermis.
In order to transport the vaccine peptides into the hair follicle,
600 nm silica particles were coated with polymethacrylate with
LbL assembly, with an outermost layer having a pKa value of 6.2.
The pH difference between skin (pH 5−5.5) and follicle center
(pH 7.4) was selected for the delivery of the peptides, which
were tagged with four glutamic amino acids bearing negative
total charge. The vaccines were efficiently adsorbed at pH 4.5
onto the partly positively charged particles and kept stably
attached during the skin massage. After arriving at the follicle
center where the pH was 7.4, the zeta-potential of the particles
switched and became highly negative and the vaccines were
released due to electrostatic repulsion. In general, LbL capsules
have made the step from in vitro demonstration to in vivo
experiments. For example, these particle systems can induce
bone formation in vivo (when loaded with growth factors),249

target atherosclerotic plaques in vivo,270 and generate a signifi-
cant immune response in vivo (when loaded with immunogenic
peptides).271 Both peptide- and protein-antigen-loaded LbL
capsules generate a significant immune response in vitro and

in vivo.254 It was demonstrated that ovalbumin (OVA) (a model
vaccine)-specific CD4 and CD8 T cells were activated to
proliferate in vivo following intravenous271 and subcutaneous272

vaccination of mice with OVA protein- and OVA peptide-loaded
LbL capsules. The OVA encapsulated within the capsules
resulted in greatly enhanced antigen presentation and prolif-
eration of antigen-specific CD4 and CD8 T cells that provided
enhanced protection against viral infection and tumor growth.
Furthermore, LbL capsules could be further engineered on
their surface with immune-stimulatory molecules to boost the
antigen-specific immune responses against encapsulated
antigen.273 The latter work was carried out with the idea of
using LbL-coated microneedles for transdermal vaccination.
Indeed, several groups have investigated codelivery of antigen and
immune stimuli, both on colloidal and planar substrates.273−275

Imaging and Sensing. In diagnostic imaging, highly
developed methods/modalities are applied, such as ultrasound
imaging (US), X-ray computed tomography (CT), magnetic
resonance imaging (MRI), near-infrared imaging (NIR),
photoacoustic imaging (PAI) and nuclear imaging methods
such positron emission tomography (PET) or single photon
emission computed tomography (SPECT). Each of these
imaging methods has advantages, but also drawbacks, such
as limited spatial or time resolution, sensitivity, impairment of
the patient, etc. Therefore, several methods must be combined
in order to optimize the images and information obtained.276

Instruments for this purpose are already under development,
but suitable contrast agents providing contrast for different
imaging modalities and methods are also necessary. These
agents can be based on molecular materials or on particles.
Solid particles should be in the nanometer range, whereas
flexible particles could be used at the micron scale of erythro-
cytes. By means of LbL technology, such multifunctional
contrast agents can be produced in a controlled way. One
example was recently developed, which is simultaneously appli-
cable for US, MRI, SPECT, and NIR imaging.277 The core of
the flexible 3 μm particles consisted of an air bubble, which is
stably encapsulated by cross-linked poly(vinyl alcohol) (PVA)
for US imaging. Positive charges were introduced in the PVA
matrix in order to achieve controlled LbL coating. Two double
layers of PSS/PAH-1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA) were assembled. The NOTA label complexes tech-
netium for SPECT imaging. On top, double layers of citrate-
stabilized iron oxide nanoparticles (SPION)/PAH were
assembled for dark contrast in MRI imaging.278 For NIR
imaging, further fluorescent layers of PAH-Cy5/PSS were
assembled. Finally, targeting was demonstrated by biotinylated
antibodies coupled to an outermost PAH/streptavidin layer.279,280

Thus, LbL enables convenient integration of different contrast
modalities in one single particle. Apart from simple imaging,
where contrast depends on the local concentration of contrast
agent, functional imaging, i.e., sensing, is possible. In this case,
the signal of the contrast agent also depends on the local
environment. There are several examples of encapsulated,
analyte-sensitive fluorophores,281−283 which enable the detection
of local ion concentrations. The changes in environment must
be taken into account when designing these multimodal
particles. For example, many ion-sensitive fluorophores also
respond to local pH, so one severe challenge concerning future
in vivo applications is that particles will undergo massive local
pH changes along their trajectories in the body, for example,
upon endocytosis by macrophages. One solution might be to use
more complex systems, such as sensors with distance-dependent
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quenching of optical or magnetic signals. In order to protect
these systems from agglomeration, they could be encapsulated.
The LbL shell around the sensors would then enable analytes to
diffuse in and out, whereas it would retain and protect the actual
sensor system. One developed glucose microsensor is depicted
in Figure 8. Due to the possibility of multicompartment encap-
sulation of different molecules in different locations within one
particle by LbL,284 even feedback-controlled systems might
be developed. A drug could be encapsulated for delivery in one
compartment, whereas a sensor monitoring the action of the
drug could be placed in an adjacent compartment.285,286

Challenges for Layer-by-Layer Coated Particles
Intended for in Vivo Use. Following the above-outlined
possibilities for applying LbL-based particles to in vivo delivery
and imaging/sensing, one can summarize a number of key chal-
lenges for the future. (1) Highly biocompatible and biodegradable
materials need to be developed and used. (2) Further fundamental
studies need to be undertaken to understand the interactions of
LbL particles and biological systems in order to probe parameters
such as elasticity and shape and how these influence biological

responses. (3) Automation of the preparation of LbL particles
should be further developed, as this capability is critical to
reproducibility and streamlining preparation. (4) More focus
should be placed on such particles for local delivery applications
(e.g., their use as depots) and their interactions with the local
cellular and protein environment, not only limiting their studies
to systemic delivery applications. Thus, the development of LbL-
based vehicles continues and important breakthroughs lie ahead.
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D. G.; Möhwald, H.; Lisdat, F. Electroactive Cytochrome c
Multilayers within a Polyelectrolyte Assembly. Angew. Chem., Int.
Ed. 2004, 43, 4357−4360.
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