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Abstract 

The emission intensity of GaInAsP semiconductors that show an ion sensitivity is altered by the surface 

charge. In this study, we propose a biosensing technique using GaInAsP photonic crystal nanolasers based on 

this principle. Here, simple and rapid detection of collapsin response mediator protein 2 (CRMP2) is 

demonstrated, which is a promising biomarker candidate for neuropsychiatric diseases existing in peripheral 

white blood cells. We prepared CRMP2 as a standard protein and introduced sodium dodecyl sulfate (SDS) as 

an anionic surfactant to enhance the net negative charge of the protein. The nanolaser was modified in 

advance with an anti-CRMP2 antibody and then photopumped at a constant power. The laser emission 

intensity was monitored during the antibody–antigen reaction. Consequently, CRMP2 was detected as a 

decrease in the emission intensity. We achieved a lower limit for detection of 3.8 g/mL that satisfies the 

requirement for clinical biomarker testing. Without the requirements of any kind of labels and spectral 

analyses, this technique allows for simple, rapid, and low-cost biomarker detection. 
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1. Introduction 

Biomarker tests as quantitative clinical indicators are useful for the early detection and evaluation of 

progress and treatment effects of severe diseases. Neuropsychiatric diseases, including schizophrenia, are 

mainly diagnosed through clinical interviews based on the Diagnostic and Statistical Manual of Mental 

Disorders, 5th Edition (DSM-5), which is de facto the world’s standard diagnostic criteria (Tandon et al., 



2013). However, some challenges exist because of the complicated and multiple medical conditions of 

patients (Weickert et al., 2013). Therefore, there are increasing demands for biomarkers and detection methods 

of neuropsychiatric diseases to achieve high accuracy and precision. Collapsin response mediator protein 2 

(CRMP2) mediates the axon guidance signaling of Sema3A (Goshima et al., 1995) and plays an important 

role in the formation of neural networks and sustenance in the nervous system (Tessier-Lavigne and Goodman, 

1996; Yamashita et al., 2012). The disordering of this role is thought to be deeply involved in the pathogenesis 

of neurodegenerative and psychiatric diseases, such as Alzheimer’s disease and schizophrenia (Hong et al., 

2005; Cole et al., 2007; Isono et al., 2013). Although CRMP2 is predominantly expressed in the central 

nervous system, and its expression in peripheral blood has also been confirmed recently, and the amount of 

CRMP2 varies depending on the age of patients with schizophrenia (Nomoto, 2018). We also found that 

several tens to several hundred femtomoles of CRMP2 is expressed in a peripheral white blood cell, which 

translates to a concentration of several micrograms per milliliter. If CRMP2 of this concentration scale can be 

easily detected, the diagnosis from the peripheral blood of a patient will become available with few burdens. 

The well-known and widely used enzyme-linked immunosorbent assay (ELISA) has the advantages of 

high accuracy and precision. The procedure, however, is complicated and time-consuming. 

Immunochromatography and the lateral flow assay are much simpler than ELISA, where one can obtain the 

results instantly. However, they are qualitative and less accurate (Koczula and Gallotta, 2016; Sajid et al., 

2015). There is a trade-off between the measurement time and the accuracy. Therefore, detection methods 

satisfying both requirements are desired (Hong et al., 2012; Makowski and Ivanisevic, 2011; Xavier et al., 

2018). We have focused on label-free biosensors and developed a GaInAsP semiconductor photonic crystal 

(PC) nanolaser biosensor that can detect the adsorption of biomolecules from the shift of the laser wavelength 

(Kita et al., 2011a). For example, we demonstrated the detection of proteins such as prostate-specific antigen 

(PSA) with ultra-high sensitivity (Hachuda et al., 2016). In general, the wavelength shift of photonic 

biosensors based on optical micro/nano-cavities is thought to reflect the environmental index change 

accompanied by protein adsorption (Chow et al., 2004; Vollmer et al., 2002), while we found that the emission 

intensity of the nanolaser depends on the surface charge due to the modified surface recombination, and we 

demonstrated the simultaneous detection of the environmental index and the surface charge (Watanabe et al., 

2015). In addition, we recently observed some evidence that the wavelength shift which has been considered 

to arise only from the environmental index change also reflects the surface charge (T. Watanabe et al., 2017). 

We call such sensitivity to the surface charge ion sensitivity and such sensing iontronic sensing. 

Now, we focus on the ion sensitivity in the emission intensity of the GaInAsP nanolaser rather than the 

wavelength and propose a simple iontronic biosensing method using neither labels nor spectral analyses (K. 

Watanabe et al., 2017). As iontronic biosensors based on electronics, ion-sensitive field effect transistors 

(ISFETs) and light addressable potentiometric sensors (LAPSs) are well-known devices that exploit the 

ion-sensitivity in electrical signals (Makowski and Ivanisevic, 2011; Yoshinobu et al., 2005). As those based 

on photonics, detecting the modified photoluminescence (PL) has also been studied for GaAs (Budz et al., 

2010; Nazemi et al., 2015; Tang et al., 2013), GaN (Wallys et al., 2012), CdS(e) (Ellis et al., 1997), ZnO (Viter 

et al., 2018), and GaInAsP (Sakemoto et al., 2016). In this method, the device preparation and measurement 



are much easier than the above electronic devices. Our proposed method of using the nanolaser works with a 

phenomenon similar to this, but its sensitivity and signal intensity are enhanced by the laser operation. In this 

paper, we describe this device in detail as a simple and quick biomarker tester and demonstrate the practical 

performance for the CRMP2 detection.  

 

2. Materials and methods 

2.1. Fabrication of the nanolaser and measurement setup 

The PC nanolaser is a small laser operated by photopumping (Kita et al., 2011b). As shown in Fig. 1, it 

consists of a GaInAsP semiconductor single-quantum-well thin membrane having weak n-type conductivity 

and an air-bridge-type PC structure. The periodic air holes with a diameter of 250 nm and a pitch of 500 nm 

were arranged in a triangular lattice. At the PC center, H0-type nanocavity, a kind of PC cavities which is 

formed by shifting some air holes with no missing air holes, was formed. The air-bridge membrane thickness t 

was ~180 nm. The total diameter of the nanolaser, including all air holes, was ~40 m. 

The fabrication process was as follows. First, e-beam lithography (ELS-7500, Elionix) was performed to 

draw the nanolaser pattern into an e-beam resist (ZEP-520A, Zeon) on an epiwafer. Then, the pattern was 

transferred to the semiconductor by HI inductively coupled plasma etching (RIE-200ip, Samco). The 

air-bridge structure was formed by HCl selective wet etching. Finally, ~3 nm ZrO2 was deposited by atomic 

layer deposition (ALD) (Savannah, Ultratech/Cambridge Nanotech) to ensure the chemical stability 

(Watanabe et al., 2015). 

The scanning electron micrographs (SEMs) of the fabricated device are shown in Figs. 1(b) and 1(c). Here, 

the diameter of the air holes in the region as shown by the dotted lines was made slightly smaller than others 

to induce an asymmetry into the cavity. Such modulation of air holes makes the radiation pattern of the laser 

emission single peaked and improves the coupling efficiency into the objective lens (Narimatsu et al., 2012). 

In this study, we further optimized the shift amount of air holes around the cavity to obtain a high quality 

factor Q while maintaining the coupling efficiency, using the three-dimensional finite-difference time-domain 

method, such that sx = 120 nm, sy = 60 nm, sy11 = 20 nm, sx03 = 20 nm, and sy30 = −20 nm, as indicated by 

arrows in Fig. 1(b). 

The measurement setup is depicted in Fig. 1(d). Pulsed pump light at 0.98 m was irradiated from above 

via a 50× objective lens (numerical aperture of 0.55). The emitted light from the nanolaser was observed by 

a power meter (Q8383, Advantest) and/or an InGaAs near-infrared camera (Alpha NIR, Indigo Systems) via a 

long-pass filter that eliminated the pump light. For the pumping and measurement, we particularly used an 

optical fiber with a large core diameter of 200 m so that the pump spot fully covered the device area. This 

approach stabilized the emission intensity for small displacement of the device. To further reduce the intensity 

variation caused by thermal fluctuations and so on, we obtained an average intensity from 10 times acquisition. 

As shown in Fig. 1(e), the injection and discharge of analyte solutions were carried out by setting the 

nanolaser chip inside a polydimethylsiloxane (PDMS) microfluidic channel, while the emission intensity was 

measured. To evaluate the fundamental electrochemical properties of the emission, we prepared solutions with 



different pH values by adding HCl or KOH to a 100 mM KCl solution. 

 

2.2. Surface functionalization and detection method of CRMP2 

The procedure of surface functionalization of the nanolaser which was employed in this study is shown in 

Fig. 2. First, a self-assembled monolayer 3-aminopropyltriethoxysilane (APTES) was formed on the 

ZrO2-coated nanolaser using the same ALD chamber. Then, the device was functionalized with 

glutaraldehyde for 1 h at 37°C, followed by rinsing for 10 min using ultrapure water and immersing in an 

anti-CRMP2 monoclonal antibody solution (9F, 4 g/mL) at 4°C overnight. Finally, the device was set in a 

PDMS microfluidic channel. By injecting CRMP2 solutions of different concentrations in the order from low 

to high, the emission intensity was measured continuously to observe the detection of CRMP2 and to evaluate 

its limit concentration. We also prepared a device modified with an anti-PSA antibody (4D10) as a control and 

also tried to detect CRMP2. 

We confirmed in another experiment that the adsorption of CRMP2 was hindered when the common 

phosphate buffered saline (PBS) was used as the protein solution. This result is in agreement with the reported 

phenomena where protein adsorption to an oxide surface is reduced in the PBS solution (Kurrat et al., 1997; 

Moulton et al., 2003; Wei et al., 2009). We consider that this behavior arises from a phenomenon where 

phosphate ions in PBS form a bidentate ligand on ZrO2 (Spielbauer et al., 1997), which is not completely 

covered with APTES and glutaraldehyde but exposed to the solution. Then, this ligand charges the surface 

negatively and gives rise to electrostatic repulsion against negatively charged CRMP2 (Moulton et al., 2003; 

Wei et al., 2009). To avoid this situation, we chose the 2-(N-morpholino)ethanesulfonic acid (MES) buffer in 

this experiment, which does not form such a specific ligand. Here, the charge apart from the surface beyond 

the Debye length is screened by counterions. We diluted the MES buffer solution (MES 100 mM, pH 6.8) to 1 

mM so that the Debye length is increased, and charge effect of CRMP2 enhanced after the following treatment 

efficiently reaches the surface and eventually modifies the emission intensity. 

 

2.3. Signal amplification by anionic surfactant treatment 

The nanolaser detects the change in the surface charge density after the protein adsorption. However, 

CRMP2 has an isoelectric point of ~6 and is almost electrically neutral in the MES buffer, resulting in a weak 

charge effect on the nanolaser. Therefore, we added sodium dodecyl sulfate (SDS), a kind of anionic 

surfactant, forcing CRMP2 to be negatively charged. Proteins which react with SDS maintain the negative 

charge even after the removal of the excess SDS in the solution (Hideshima et al., 2016). Therefore, we can 

anticipate that SDS will improve sensitivity to protein adsorption. In this process, 1 mg/mL CRMP2 solution 

with 0.1–1% SDS was first prepared by mixing them, followed by a heat block in a 100°C water bath for 5 

min. Then, excess SDS in the solution was removed by a commercially available kit (SDS-Out SDS 

Precipitation Kit, Thermo Scientific).  

 

2.4. Production of CRMP2 

Standard CRMP2 as a detection target was produced via a biochemical approach, as shown in Fig. 3(a). 



First, CRMP2-encoded region of the human brain cDNA library, a set of complementary DNA produced by 

reverse transcription of messenger RNA, was amplified using a polymerase chain reaction (PCR). Secondly, 

the CRMP2 plasmid was made by the ligation of a pGEX (pGEX-6p-1, GE Healthcare) vector and the PCR 

products using a restriction enzyme. Thirdly, the plasmid was transformed into E. coli BL21 cells followed by 

scaling up. Subsequently, protein expression was induced with isopropyl -D-1-thiogalactopyranoside 

(IPTG). Finally, a large amount of CRMP2 expressed in the cells was harvested and purified. The purified 

CRMP2 was separated by SDS-polyacrylamide gel electrophoresis (PAGE), whereas the gel was stained by 

Coomassie Brilliant Blue (CBB), as shown in Fig. 3(b). The full length of CRMP2 is known to be 62 kDa, and 

the obtained band was in good agreement with this value. Thus, we confirmed that the purification process 

was correctly carried out. Figure 3(c) shows the result of western blotting (WB) using the anti-CRMP2 

antibody (9F). We also confirmed the specificity of the CRMP2 sample. The final CRMP2 concentration for 

the detection experiment was determined by the Bradford protein assay. 

 

3. Results and discussion 

3.1. Fundamental characteristics 

Figures 4(a) and 4(b) show the laser characteristics of the fabricated GaInAsP nanolaser in three solutions 

with different pH values. A single and sharp emission spectrum was observed above the laser threshold. The 

emission intensity showed a strong dependency on pH. A low threshold was obtained particularly when the 

device was immersed in a low-pH solution. This is caused by the reduction of the negative charge via the acid 

dissociation equilibrium on the semiconductor surface, decreasing Schottky barrier near the semiconductor 

surface and decreasing surface recombination. The detailed mechanism is reported in our previous work 

(Sakemoto et al., 2016; Watanabe et al., 2015). The pH dependencies at a constant pump power are shown in 

Fig. 4(c). A high sensitivity was observed when the irradiated pump power Pirr was set slightly above the 

threshold. This result can be explained by the process where electrons and holes excited by photopumping 

were separated in space by the Schottky barrier and that so-induced electric field compensated the barrier 

itself particularly at high pumping. Therefore, in the sensing experiment, it is desirable to set the pump power 

as low as possible under the condition that sufficient emission can be detected. 

Compared with biosensors based on the PL intensity of semiconductors, our device is unique in respect of 

utilizing the laser emission intensity as a sensor signal. When the surface charge is changed, the surface 

recombination modifies the internal quantum efficiency in. The PL intensity is simply changed by the ratio r 

before and after the modification; that is, 

r = in′/in      (1) 

In lasers, on the other hand, the ratio includes the threshold power Pth as shown below:  

r = in'(Pirr ‒  Pth′)/in(Pirr ‒  Pth) = (in′Pirr ‒  Pth0)/(inPirr ‒  Pth0)   (2) 

where Pth0 is a constant value given by Pth0 = in′Pth′, showing the effective threshold. Therefore, when Pirr is 

set appropriately so that the denominator or numerator of this equation takes a value close to zero, r is 

arbitrarily increased or decreased, which is a significant advantage of lasers. In addition, GaInAsP 



semiconductors with a few nanometer oxide film have a good chemical stability compared with, for example, 

GaAs, for which the surface state is very unstable and its surface recombination is incomparably large in a 

solution having strong acid, base, and specific salt elements under photopumping (Nazemi et al., 2015; Wallys 

et al., 2012). 

 

3.2. Dependency of surface charge density 

Figure 4(d) shows the pH dependency of the laser emission for different KCl concentrations. In the KCl 

solution, the surface charge density is determined by the equilibrium constants of four states, i.e., Zr-O− and 

Zr-OH2
due totheionization of surface hydroxyl groups that depend on pH as well as Zr-O−K and 

Zr-OH2
Cl− due to K and/or Cl− complexation between ionic species and the ZrO2 surface (Davis et al., 1978). 

When the complexation cannot be neglected, the slope of pH dependency is changed particularly at a high 

KCl concentration. As seen from this figure, the emission intensity clearly depended on the KCl concentration. 

A high concentration yielded a large dependency. We consider that this behavior can be explained by the 

presence of the formation of surface complexation between KandCl− ions and ZrO2 surface (Janusz, 2000, 

1988; Persin et al., 1992). One can also deduce the point of zero charge from the condition exhibiting no 

dependency on the salt concentration. The point of zero charge meaning a pH at which the surface charge is 

zero was estimated to be 4–5 in our device. This result is consistent with the point of zero charge of 4.3 at a 

ZrO2 surface in a NaCl solution estimated from a report (Janusz, 1988) using potentiometric titration. This 

correspondence supports the notion that the emission intensity of this nanolaser has the sensitivity to the 

surface charge density. 

 

3.3. Detection of CRMP2 

We first investigated the optimum SDS concentration for the treatment to CRMP2. As the SDS 

concentration applicable to the kit for removing excess SDS is from 0.1% to 1%, we set the SDS 

concentration in this range. The emission due to the adsorption of several g/mL CRMP2 became larger as the 

SDS concentration gets higher. Therefore, we decided to set the SDS concentration to 1%. We confirmed in 

the western-blot that the activity of CRMP2 was maintained even for this concentration. Figure 5 shows the 

real-time observation of the emission intensity for CRMP2 detection. The behaviors of anti-CRMP2 and 

control antibodies with and without SDS were compared when the standard CRMP2 protein was used as the 

target. The emission intensity was obviously reduced after injecting a 5 g/mL CRMP2 solution with SDS. 

Clear stepwise reduction was also observed at high concentrations. These results indicate that the surface was 

negatively charged and the emission intensity was reduced by the adsorption of CRMP2. The signals without 

SDS treatment or for the control antibody became obviously weak because of the small amount of negative 

charge or the absence of specific binding, respectively. It was also observed that signal reduction occurred 

rapidly after injecting the CRMP2 solution. The nanolaser might detect not only the adsorbed CRMP2 but also 

the protein inside the Debye length in the solution. 

We repeated these experiments four to six times and obtained the average emission intensities under three 

different conditions, as shown in Fig. 6(a). Clear differences among the signals with SDS treatment and others 



were observed, particularly when the CRMP2 concentration was 5 and 10 g/mL. At high concentrations, the 

original charge effect of CRMP2 might be dominant even without the SDS treatment, and nonspecific signals 

were enhanced even for the control. Here, we also investigated the dependence of the emission intensity 

change on the SDS concentration. The intensity change obviously became larger for higher SDS 

concentrations. However, the plateau region at high CRMP2 concentrations was lying at above 50 g/ml, 

regardless of the SDS concentration. This means that the specific binding and nonspecific adsorption of 

CRMP2 are not accelerated by SDS, even though the signal intensity is enhanced. We fit a 4-parameter 

logistic curve to each set of experimental plots, assuming that the adsorption of CRMP2 yields a general 

sigmoidal kinetic curve, as shown in Fig. 6(b). This result showed a correlation coefficient of R2 = 0.997, 

which is sufficient as a standard curve for the quantitative evaluation. Even using linear fitting, the correlation 

coefficient of R2 = 0.97 was confirmed, which may allow rough evaluation. We also checked the fluctuation in 

the sensitivity (for simplicity, we evaluated the pH sensitivity) between six different devices on a same chip 

and repeated it for four different chips, i.e., 24 devices in total. The sensitivity in dB/pH and its fluctuation 

were obtained from the change in emission intensity of 24 nanolasers for three different pH solutions. The 

total average sensitivity was 0.60 dB/pH and the standard deviation  was 0.092 dB/pH, for which 95% 

coverage of fluctuations was ±1.96 = ±30% of the average value. It is seen from Fig. 6 that this fluctuation is 

sufficiently small to identify between the target and control. 

In general, the limit of detection (LOD) is given by a concentration at which the signal becomes to be 3.3 

(Shrivastava and Gupta, 2011). Here, we use  as the sum of the above value and the temporal fluctuation of 

the emission intensity in the real-time measurement, which was evaluated to be 0.19 dB for the measured 

intensity level in Fig. 5. Then, the LOD was evaluated to be 3.8 g/mL, which is comparable to the 

concentration of CRMP2 expressed in the peripheral lymphocytes of a healthy person. Although this LOD is 

not better than those of conventional western-blot, ELISA, and other label-free methods based on optical 

micro/nano-cavities, which require wavelength or angular spectral analyses (Chocarro-Ruiz et al., 2017; 

Gavela et al., 2016; Xavier et al., 2018), it satisfies the minimum requirement to detect the increase of CRMP2 

from the diseases. The simple and quick detection using the nanolaser still maintains a great advantage.  

 

Conclusion 

The emission intensity of ion-sensitive GaInAsP nanolaser biosensors was changed by the surface charge 

under the condition of a constant pump power. The biosensing signal can be detected by neither labels nor 

spectrum analyses but merely by measuring the emission intensity. Compared with similar studies exploiting 

the ion sensitivity of semiconductor photoluminescence, the response to surface charge can be enhanced by 

utilizing laser emission. This ion sensitivity is explained by the surface recombination modified by the change 

of Schottky barrier height. The sensing signal was increased when the pump power was moderately 

suppressed and set close to the laser threshold. Based on this principle, we demonstrated the detection of 

CRMP2 as a candidate biomarker for neuropsychiatric diseases, such as Alzheimer’s disease and 

schizophrenia. The LOD was 3.8 g/mL, which corresponds to the concentration expressed in the peripheral 



blood of a healthy person. Therefore, the sensitivity is sufficient for medical diagnoses of these diseases with a 

much simpler procedure and much shorter duration, as compared with those of conventional western-blot and 

ELISA. 

But still, the improvement of the sensitivity may be an issue for the practical use of this method. Although 

the nanolaser satisfies the minimum requirement, higher sensitivity will make this sensing more robust and the 

quantification more accurate even with additional fluctuations. Since the measurement is done at wavelengths 

longer than 1.3 m, optical components are relatively expensive as compared with those at wavelengths 

shorter than 1.0 m. Higher sensitivity also improves the S/N and allows to use cheaper components. The 

development of low-cost compact micro-fluidic channel and a compact module of laser diode and photodiode 

will also become important. 
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Fig. 1. GaInAsP nanolaser and measurement setup. (a) A schematic of the ion-sensitive GaInAsP nanolaser. 

The inset shows a top view of one nanolaser. The purple spheres show an example where a negative charge is 

adsorbed. (b) Top SEM view around the nanocavity. (c) Cross-sectional SEM view of the PC slab. Arrows 

indicate position shifted air holes and dotted lines indicate diameter modulated air holes. (d) Measurement 

setup. (e) The appearance of the measurement using the PDMS microfluidic channel. 

Fig. 2. Surface functionalization for CRMP2 detection. 

Fig. 3. The procedure of production and purification of CRMP2. (a) The procedure of harvesting and 

purification of CRMP2. (b) CRMP2 band of CBB staining after SDS-PAGE. (c) Result of WB. 

Fig. 4. Fundamental characteristics of the nanolaser biosensor. (a) Emission characteristics in solutions with 

different pH values. (b) Laser spectrum. (c) pH dependency of the laser emission intensity. Insets depict the 

schematic band lineup and distribution of photopumped carriers in a semiconductor at different pump powers. 

Near-field patterns (NFP) are also shown. (d) pH dependency for different KCl concentrations. 

Fig. 5. Real-time measurement of laser emission intensity under three different conditions. (a) CRMP2 with 

SDS treatment. (b) CRMP2 without SDS treatment. (c) CRMP2 with SDS treatment, while the device was 

modified with the negative control antibody. 

Fig. 6. Average variation of laser emission intensity for multiple experiments plotted as a function of CRMP2 

concentration. Four experiments were carried out with and without SDS, and six experiments were carried for 

the control. (a) Comparison between three different conditions. The error bars represent standard errors in the 

average of each measurement. (b) The standard curve fitting of the experimental plots. 
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Highlights 

 GaInAsP semiconductor photonic crystal nanolaser exhibits the ion-sensitivity which changes the emission 

intensity due to the surface charge 

 Label-free and spectral-analysis-free biosensing is proposed, in which the signal is obtained only by 

measuring the laser emission intensity 

 Response to the surface charge is enhanced by setting the pump power close to the laser threshold and by 

adding an anionic surfactant to target proteins 

 CRMP2, a neuropsychiatric disease biomarker candidate, is detected using the nanolaser with a limit of 

detection 3.8 g/mL which corresponds to the concentration expressed in peripheral blood 

 




