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1. Surface modification 

The process for the surface modification of optical fibre is illustrated in Fig. S1a, including 

hydroxylation, silanization, biotinylation, as well as specific conjugation between biotin and 

streptavidin molecules. The details are also described in Methods. 

According to the chemical structures of molecules, the molecular spacer arms are 0.33 

nm1, 1.35 nm2, and 2-4 nm3,4 in length for APTES, NHS-biotin, streptavidin, respectively. 

Therefore, the total thickness can be approximately evaluated to be between 3.68 nm and 5.68 

nm. The purpose of the evaluation of thickness is to confirm that all the gain molecules were 

within the reach of the evanescent wave of the optical fibre microcavities, about 100 nm 

according to the numerical simulation (Fig. S4). 

 
 

Figure S1. Illustration of the surface modification for the submonolayer biolaser based on the 

biotin-streptavidin conjugation. h denotes the distance from the Cy3 molecules to the surface 

of the silica optical fibre. 

 

2. Q-factor measurement of the optical fibre microcavities 

The bare optical fibres were immersed in PBS, and the fibre taper coupling method illustrated 

in Fig. S2a was employed for Q-factor measurements. The detailed procedure is described in 

Methods. We randomly selected 22 different locations on the optical fibre to test. A typical 

transmission spectrum is shown in Fig. S2b. The average Q-factor of the optical fibre 

microcavities was measured to be 1.2106 with a coefficient of variation of  16 % (Fig. S2c). 

 
Figure S2. a, Schematic illustration of the experimental setup for Q-factor tests. b, A typical 

resonant dip in the frequency domain. c, The measured Q-factor of the microcavities at 

different locations of an optical fibre. 

 

3. Laser threshold 

The laser threshold of the submonolayer biolaser is strongly dependent on the surface density 

of gain molecules, which can be controlled with biotin concentrations. The typical laser 

threshold curves with different biotin concentrations are illustrated in Fig. S3. 
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Figure S3. The threshold curves with biotin concentrations of 400 M (green) and 200 M 

(blue), respectively. Laser thresholds: P1 = 0.09 mJ/mm2; P2 = 0.22 mJ/mm2. 

 

 

4. Numerical simulation of optical resonance in the fibre microcavity 

The numerical simulations show the optical resonance at specific resonant frequencies in the 

optical fibre microcavity (Fig. S4a). The enlargement of the intensity distribution in Fig. S4b 

indicates a penetration depth of about 100 nm of the evanescent wave (inset of Fig. S4b). 
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Figure S4. a, Numerical simulation of intensity distribution on the cross-section of the optical 

fibre. Inset, enlargement of the region in the dashed box. b, The radial intensity distribution 

with a resonant peak, data was derived from a. Inset, enlargement of the boxed region.  

 

5. Analysis of the surface density of Cy3 molecules 

The threshold condition for a four-level laser system can be expressed as5 

𝜂𝐷1𝜎𝑒(𝜆) = 𝜂𝜎𝑎(𝜆)𝐷0 +
2𝜋𝑛

𝜆𝐿𝑄
.                    (1) 

Here, 𝜂 = 2.67% is the fraction of energy that interacts with the gain molecules, which can be 

calculated in Fig. S4. 𝐷0 and 𝐷1 are the density of dye molecules in the ground state and the 

lowest excited singlet state, respectively. 𝜎𝑒 and 𝜎𝑎 represent the emission and absorption 

cross-sections, respectively. 𝜆𝐿 denotes the laser wavelength and 𝑄 stands for the Q-factor. 

𝑛 is the effective refractive index of the exciting mode of the fibre ring resonator. Thus, the 

fraction of molecules in the excited state can be given by 

𝛾 =
𝐷1

𝐷0+𝐷1
=

𝜎𝑎(𝜆)

𝜎𝑒(𝜆)
(1 +

2𝜋𝑛

𝜆𝐿𝐷𝜂𝑄𝜎𝑎(𝜆)
).                    (2) 

Here, 𝐷 = 𝐷0 + 𝐷1 denotes the density of total gain molecules. According to the rate equation 

for a four-level laser system, 𝛾 can also be approximated as6 

𝛾 =
𝑤𝑝𝜏𝑟𝑎𝑑

1+𝑤𝑝𝜏𝑟𝑎𝑑
                                 (3) 

Here, 𝑤𝑝 = 𝐼𝑡ℎ𝜎𝑎 𝐸0Δ𝑡⁄  is the normalized pump intensity. 𝐼𝑡ℎ is the laser threshold. 𝐸0 =

ℎ𝑐 𝜆𝑝⁄  is the photon energy of the pump. Δ𝑡 is the pulse width of the pump laser. 𝜏𝑟𝑎𝑑 is the 

lifetime of the excited state. 
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According to the conclusions in Figs. S1 and S4, all the Cy3 molecules conjugated on the 

optical fibre are located within the reach of the evanescent field and can thus be involved in 

the optical resonance. Therefore, once the laser threshold is measured, N can be numerically 

calculated by using Supplementary Eqs. (2) and (3). The surface density of gain molecules is 

calculated using S=D*d, with d =100 nm denoting the penetration depth (Fig. S4). We 

calculated the dependence of 𝐼𝑡ℎ on S with various Q-factors and the results are illustrated in 

Fig. S5, through which we can estimate the surface density of gain molecules on fibre by the 

given threshold. 

 

Figure S5 Numerical results of the laser threshold as a function of the surface density of Cy3 

molecules. The grey area denotes the submonolayer biolaser. 

 

6. Characterization of laser emission 

6.1 Reproducibility of laser threshold  

The frequency histogram of laser threshold was illustrated in Fig. S6, indicating an average 

threshold of 0.6 mJ/mm2. Comparing with the threshold given in Fig. S3, the higher threshold 

is caused by a lower NHS-biotin concentration. 
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Figure S6. Frequency histogram of 34 submonolayer biolasers. These submonolayer biolasers 

were fabricated using 100 M NHS-biotin. 

 

6.2 Statistical distribution of laser emission 

A batch of 736 biolasers was tested to investigate the statistical distribution of the laser 

intensity (Fig. S7). The relative laser intensity in decibels of each test was calculated, which 

formed a normal distribution. The characteristics of the statistical distribution were analyzed 

and the mean was selected as a sensor indicator. 

 

Figure S7. Frequency histogram of relative intensity. Data are extracted from 736 

submonolayer biolasers. 

 

7. Ultrahigh sensitivity of the submonolayer biolasers 

7.1 Theoretical model for sensitivity analysis 

The laser intensity can be written as6 

        𝐼𝑙𝑎𝑠𝑒𝑟 = 𝐴 (
𝐼𝑝𝑢𝑚𝑝

𝐼𝑡ℎ
− 1).                        (4) 

Here, 𝐼𝑝𝑢𝑚𝑝 is the pump intensity and 𝐼𝑡ℎ is the laser threshold. A is a constant. 

Combining with Supplementary Eqs. (3) to (4), we derive that 

       𝐼𝑙𝑎𝑠𝑒𝑟 = 𝐴 [
𝐼𝑝𝑢𝑚𝑝𝑎𝜏𝑟𝑎𝑑

𝐸0𝑡
(

1

𝛾
− 1) − 1].                   (5) 

This equation shows the dependence of the laser intensity on 𝛾. Then we can calculate the laser 

emission as a function of the surface density (S). 

In immunoassay, the number of gain molecules is proportional to the number of 

conjugated antigen molecules. The sensitivity of the laser-based sensor to the antigen on fibre 

can be defined as 
𝑑𝐼𝑙𝑎𝑠𝑒𝑟

𝑑𝑆
=

𝑑𝐼𝑙𝑎𝑠𝑒𝑟

𝑑𝛾
∙  

𝑑𝛾

𝑑𝐷
∙

𝑑𝐷

𝑑𝑆
.                        (6) 

                    

Here, 
𝑑𝐼𝑙𝑎𝑠𝑒𝑟

𝑑𝛾
= −𝐴 ∙

𝐼𝑝𝑢𝑚𝑝𝜏𝑟𝑎𝑑𝜎𝑎

𝐸0∆𝑡
∙

1

𝛾2,                  (7) 
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𝑑𝛾

𝑑𝐷
= −

2𝜋𝑛

𝜎𝑒𝜆𝐿𝜂𝑄
∙ (

𝑆

𝑑
)

2

,                     (8) 

and                           

 
𝑑𝐷

𝑑𝑆
=

1

𝑑
                              (9) 

According to the analysis above, theoretical calculation of the sensitivity as a function of 

Cy3 surface density was shown in Fig. 2c. The results indicate an increase in sensitivity with a 

lower surface density and an ultrahigh sensitivity can be achieved when the surface density 

decreases to the threshold density.  

Comparatively, in the fluorescence tests, the emission intensity can be written as 

  𝐼𝐹𝐿 = 𝐵 ∙ 𝑆 ∙ 𝐼𝑝𝑢𝑚𝑝                         (10) 

Here, B  is a constant. The sensitivity of the fluorescence-based sensor can be defined as 

  
𝑑𝐼𝐹𝐿

𝑑𝑆
= 𝐵 ∙ 𝐼𝑝𝑢𝑚𝑝                          (11) 

Therefore, the sensitivity of the fluorescence-based sensor remains independent of the 

molecular surface density. 

 

7.2 Exploring the ultimate sensitivity of the submonolayer biolasers 

The ultimate sensitivity can be achieved the surface density of gain molecules close to the 

threshold density (~ 3.2 10-13 mol/cm2, Point C in Fig. S5). In this case, a dramatic decrease 

in lasing intensity can be observed when the avidin concentration reaches 1fM and the laser 

extinguished with 10 fM avidin. The typical emission spectra with various avidin 

concentrations are illustrated in Fig. S8.  

 

Figure S8. Spectral evolution of submonolayer biolaser with different concentrations of avidin.  

 

8. Alpha-synuclein detection in buffer 

We tested the performance of the submonolayer biolasers in buffer solution. The detailed 

procedure can be found in Methods. The statistical distribution continuously shifts toward right 

with a higher -syn concentration (Fig. S9).  
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Figure S9. Statistical distribution of the relative intensity at different -syn concentrations in 

buffer. 

 

9. Experimental setup 

The experiment setup is illustrated in Fig. S10. The optical fibre was fixed on a motorized stage 

and the position of the optical fibre moves in the fibre axis direction with a step of 250 m, 

thus enabling a quick scanning of the pump strip along the optical fibre. More details of the 

experimental setup can be found in Methods. 

 

Figure S10. Conceptual illustration (a) and the photo (b) of the experimental setup. 
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