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ABSTRACT   

We demonstrated the ultrasound modulated droplet lasers, in which the laser intensity from whispering gallery mode 

(WGM) of oil droplets can be reversibly enhanced up to 20-fold when the ultrasound pressure is beyond a certain threshold. 

The lasing enhancement was investigated with various ultrasound frequencies and pressures. Furthermore, the ultrasound 

modulation of the laser output was achieved by controlling the ultrasound pressure, the duty cycle, and the frequency of 

ultrasound bursts. Its potential application was explored via the study on a human whole blood vessel phantom. A 

theoretical analysis was also conducted, showing that the laser emission enhancement results from the directional emission 

from a deformed cavity under ultrasound pressure. Our studies reveal the unique capabilities of ultrasound modulated 

droplet lasers, which could lead to the development of laser emission-based microscopy for deep tissue imaging with high 

spatial resolution and detection sensitivity that may overcome the long-standing drawback of traditional fluorescence 

imaging. 
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1. INTRODUCTION  

Fluorescence imaging is one of the most commonly used technologies in biomedical applications. When applied to 

biological tissues beyond the surface, the spatial resolution and sensitivity of fluorescence imaging are degraded, which is 

due mainly to the overwhelming optical scattering in the tissues and also affected by the background autofluorescence[1-

4]. To date, breaking the optical diffusion limit while maintaining the high signal-to-noise ratio (SNR) in fluorescence 

imaging still remains challenging. On the other hand, ultrasound (US) imaging, owing to the much lower scattering of 

ultrasound wave in biological tissues, can keep its spatial resolution in deep tissues much better than fluorescence imaging. 

Therefore, high frequency US is not only employed for imaging[5-7] but also adapted to treatment such as tumor therapy[8-

10], drug releasing[11, 12], and nerve stimulation[13-15]. Recently, US modulated fluorescence imaging[16, 17] has been 

explored, aiming to improve fluorescence imaging by leveraging the advantages of US in spatial resolution and tissue 

penetration. In this technique, US wave at a certain frequency is focused in a scattering medium (such as an optically 

scattering biological tissue), changing the scattering property in the medium thus modulating the photons transmitting 

through the US modulated area. When building an image from the medium, only the modulated photons carrying the US 

frequency will be used while the non-modulated photons will be filtered out. Although holding the potential to improve 

the spatial resolution of optical imaging, this method suffers from a low signal-to-noise ratio (SNR) resulting from the 

limited modulation depth, which is defined as the modulated photons over the total photons detected. In an alternative 

method of US modulated optical imaging, microbubbles labeled with fluorophores and quenchers were used[18, 19]. The 

volume of a microbubble is changed under the US pressure wave, leading to the emergence of fluorescence due to the 

increased distance between the fluorophores and the quenchers. Since this method still relies on the detection of 

fluorescence, which is weak in intensity and broad in spectrum, its SNR and spatial resolution are still limited. 
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In contrast to fluorescence-based detection and imaging, laser emission-based detection and imaging has recently emerged 

as a novel technology in biomedical research. Compared to fluorescence, laser emission has strong intensity and extremely 

narrow linewidth, which leads to significantly improved SNR, imaging contrast, and sensitivity in sensing biological 

changes[20-22]. Previously, laser emission has been used in ultra-sensitive molecule detection[23-25] and cancer 

diagnosis[26-29]. Additionally, micron- and submicron-sized lasers have been implanted into cells, biological tissues, and 

live animals to track cells and detect subtle biological changes[30-33]. 

In this study, we explored, for the first time, the US modulated micro-sized lasers, which, if feasible, could leverage the 

deep tissue penetration and the high resolution of US imaging and the high SNR, imaging contrast, and sensitivity of laser 

emission. As an important step towards the US modulated laser emission-based microscopy, we first demonstrated the US 

modulated microdroplet lasers (Figure 1a), in which the laser emission intensity from the whispering gallery mode (WGM) 

of an oil droplet laser can be enhanced up to 20-fold when the US pressure reaches a certain threshold. This enhancement 

in laser emission intensity is reversible when the US is turned off. The lasing enhancement under different US frequencies 

ranging from 500 kHz to 10 MHz was investigated. Furthermore, the US modulation of the laser output was achieved by 

controlling the US pressure, the duty cycle, and the modulation frequency. Finally, we explored a potential application of 

the US modulated droplet lasing in biology and medicine using phantoms vessels containing human whole blood. A 

theoretical analysis was also conducted to explain the mechanism of the US modulated droplet lasers.  

 

Figure 1. (a) Schematic of the optical and ultrasound (US) setup, in which the oil droplets were trapped inside microwells. 

The oil droplets doped with BODIPY were excited by a pulsed diode laser (pulse width=2 ns; wavelength=473 nm) whereas 

a focused US beam transmitted through the coupling medium. (b) Fluorescence spectrum of a single oil droplet in the 

microwell below the lasing threshold. Inset is a CCD image of the droplet. Scale bar: 50 μm. 

2. RESULTS 

2.1 Lasing enhancement with ultrasound  

Throughout the experiments, the microdroplets were prepared with a standard oil-in-water dispersion procedure[34]. The 

lipophilic fluorescence dye, BODIPY, was dissolved in biocompatible and easy-to-obtain corn oil (refractive index 

RI=1.46) (Figure 1b). Then, the oil doped with dye was diluted and mixed with surfactant solution until it was dispersed 

uniformly. Under the effect of surface tension, microdroplets had a spherical shape of 30-50 μm in diameter. Following 

this, microdroplets were loaded into microwells (Figure 1a and the inset of Figure 1b). In this study, a confocal optical 

setup was utilized to pump and collect laser emission (Figure 1a). A focused US transducer was placed at the bottom of 

the microwell chip and the US beam was focused on the microdroplet via the coupling gel. More details of the setup can 

be found in the “Methods” section. 

Initially, the lasing spectra of the microdroplet laser were studied under a relatively low US pressure (10 kPa at 500 kHz). 

During the measurements, the microdroplet lasers were trapped and observed at the same position and with a constant 

pump energy density of 35 μJ/mm2. To demonstrate the effect of US, the lasing spectra of the microdroplet laser were 

recorded before, during, and after continuous US exposure (Figure 2a). Obviously, neither the lasing intensity nor the 
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spectral peak position changed with the “low” US pressure, suggesting that small US disturbance does not affect droplet 

lasing behavior. In contrast, with a stronger US pressure (50 kPa at 500 kHz), significant enhancement (~20 times) in 

lasing intensity was observed when the US was turned on (Figure 2b). In particular, strong lasing emission emerges from 

the rim of the droplet (see the inset of Figure 2b). Furthermore, the enhancement is reversible, i.e., the lasing intensity falls 

back to the normal level when the US was turned off. During the US lasing enhancement, the lasing modes and their 

spectral positions remained the same (within the spectrometer resolution), indicating that the US, at the given pressure, did 

not cause any significant change in the shape and size of the oil microdroplets (see more discussion in Supporting 

Information). In Figure 2c, we investigated the microdroplet lasing threshold with and without the exposure to the US 

pressure. It was found that the lasing threshold was reduced from 19 μJ/mm2 to 11 μJ/mm2 with a 10× increase in the 

intensity efficiency (the slope of the laser output) when the microdroplet was exposed to the US pressure of 50 kPa. 

 

Figure 2. Lasing enhancement with exposure to ultrasound. The same 45 µm diameter oil droplet laser was investigated and 

the same ultrasound (US) frequency of 500 kHz was applied in (a)-(c). (a) Lasing spectra of the oil droplet laser before, during, 

and after applying US pressure of 10 kPa. Inset is a CCD image of the droplet laser without US. (b) Lasing spectra of the oil 

droplet laser before, during, and after applying US pressure of 50 kPa. Inset is a CCD image of the droplet laser with US. All 

curves in a and b were obtained under the same pump energy density of 35 μJ/mm2. Curves in (a) and (b) are vertically shifted 

for clarity. Dashed lines in (a) and (b) are guides for better observation of the lasing wavelength. Scale bars in (a) and (b): 50 

μm. (c) Laser output integrated over the spectral range of 540–560 nm as a function of the pump energy density. The 

measurements with US (50 kPa) and without US (0 kPa) exposure are compared. The dashed lines are the linear fit above the 

respective lasing thresholds under US pressure of 50 kPa and 0 kPa. With the exposure to 50 kPa ultrasound, the lasing 

threshold is reduced from 19 μJ/mm2 to 11 μJ/mm2. 

We further investigated the relationship between the microdroplet lasing intensity and the US frequencies, as the result 

shown in Figure 3. All the lasing spectra were acquired with the same integration time of 1 s under the fixed pump energy 

density of 40 μJ/mm2. Focused ultrasound transducers worked at various frequencies (500 kHz, 2.5 MHz, and 10 MHz, 

respectively) were utilized to generate continuous US that was applied to microdroplet lasers. We noticed a pressure 

threshold around 30 kPa for all the three US frequencies. Below the pressure threshold, no enhancement in laser intensity 

was observed (see also Figure 2a). While above the pressure threshold, the enhancement became linearly proportional to 

the US pressure. In addition, it seems that the US with lower frequency led to higher enhancement, as demonstrated by the 

steeper slope above the pressure threshold in Figure 3a compared to those in Figs. 3b-c.  

 

Figure 3. Lasing enhancement with different ultrasound (US) frequencies. (a)-(c), Lasing intensity as a function of US pressure 

for US frequency of 500 kHz, 2.5 MHz, and 10 MHz, respectively. All lasing intensities were extracted from the spectra 
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collected under a pump energy density of 40 μJ/mm2 and an integration time of 1 s. Error bars were obtained with 5 

measurements. Three different 50 µm droplet lasers were investigated respectively in (a)-(c).  
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The phenomena observed above, including the lasing intensity enhancement and the ultrasound threshold behavior, can be 

understood in the framework of directional emission from an asymmetric resonator cavity (ARC)[35-39]. In the absence 

of US, the droplet maintains a nearly perfect spherical shape and the lasing output is weak and isotropic. In the focused 

ultrasound field, the droplet is steadily deformed to become ellipsoidal by the second-order acoustic radiation force[40]. 

The quantitative estimation of the acoustic radiation force and the corresponding deformation of the droplet are included 

in the Supporting Information. With a relatively low acoustic pressure (and hence a low acoustic radiation force), the 

deformation of the droplet is insignificant, and the weak, isotropic lasing emission is preserved. With the increased acoustic 

pressure (and hence the increased acoustic radiation force), the smoothly deformed droplet breaks the spherical symmetry 

of the WGM cavity and the ray dynamics becomes partially chaotic, leading to high power directional laser emission (or 

chaos-assisted tunneling). Such enhancement in the laser emission directionality, laser output, and laser output efficiency, 

as well as reduction in the lasing threshold, were previously observed in oscillatory droplets falling in the air and solid 

disks fabricated on a chip[35, 41, 42], but have never been studied under the influence of US. Usually, due to the relatively 

large refractive index contrast between those WGM cavities and the surrounding media, a relatively large deformation 

threshold (e.g., 5%) is needed to have directional emission[35]. However, in our case, the refractive index contrast between 

the oil and water is only 1.1, and therefore, directional emission can be achieved with a smaller deformation. Based on the 

ultrasound threshold in Figure 3 and the theoretical analysis in Figure. 4b, we estimated that even only 0.1% deformation 

is sufficient to cause the directional emission. For biomedical applications, a low deformation threshold is desirable since 

low US intensity is needed to modulate droplet lasers. 

2.2 Theoretical calculation 

Here we provide a quantitative estimation of acoustic radiation force in the focused ultrasound (US) field and the 

corresponding deformation of a droplet based on its surface tension. We make the following assumptions: (1) The droplet 

is isotropic and compressible; (2) The radius of the sphere, r (25 µm), is much smaller than the acoustic wavelength, λa (3 

mm at 500 kHz); (3) The surrounding fluid is non-viscous; (4) The ultrasound field is axial symmetric; (5) kR ≫ 1, where 

k is the wavenumber of ultrasound and R is the radius of the sound source. Following the derivation in the literature, the 

acoustic radiation force on the droplet along the axial can be expressed as[40] 

 

𝐹𝑎 = (
𝐴𝛼+4𝐵𝛼

2𝑐
)

𝜕𝐼

𝜕𝑧
(1) 

where 

𝐴𝛼 =
12𝜋𝑟3

(1+𝛿0
2)

3
{

1

[9𝜈(1−𝛺2)𝛿2]
−

𝜈

[3(1−𝛺2)(1+2𝜈)]
}

(2)                   

𝐵𝛼 =
4

3
𝜋𝑟3(𝜈−1)

1+2𝜈
(3)                                                   

𝛿0 =
(𝑘𝑟)3(𝜈−

1

𝛿2)

[3𝜈(1−𝛺2)]
(4)                                                          

𝛺 =
𝑤

𝑤0
=

𝑤

√3𝜈𝑐𝛿

𝑟

(5)                                                        

𝐼 =
|𝑝|2

2𝜌0𝑐
(6)                                                                  

I is the sound intensity. z is the axial direction of the ultrasound field. c is the sound speed in the surrounding solution. cs 

is the sound speed in the droplet. w is the angular frequency. w0 is the angular resonance frequency of droplet, 𝛿 =
𝑐𝑠

𝑐
  is 

the ratio of the sound speeds. 𝑘 =
𝑤

𝑐
 is the wavenumber. 𝜌𝑠 is the density of the droplet. ρ is the density of the surrounding 

solution. 𝜈 =
𝜌𝑠

𝜌0
  is the ratio of the densities. p is the ultrasound pressure.  

In Eq. 1, (
𝐴𝛼+4𝐵𝛼

2𝑐
) is determined by the material and size of the droplet.  

𝜕𝐼

𝜕𝑧
 can be estimated experimentally. We can 

measure the pressure difference of a small step ∆𝑧 and calculate ∆𝐼 so that  
𝜕𝐼

𝜕𝑧
 can be estimated with 

∆𝐼

∆𝑧
. Inserting the 
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numerical value for each parameter (US frequency: 500 kHz): r =25 µm, c =1450 m/s,  𝜈 = 0.93, δ = 0.9, 𝑤 = 2π ×
500000/s, we have: 

𝐹𝑎 = 5.74 × 10−18
𝜕𝐼

𝜕𝑧
(7) 

Then we analyze the droplet deformation with a surface tension dominated model (Figure 4a)[43]. When the acoustic 

radiation force, 𝐹𝑎, is balanced by the restoring surface tension force, 𝐹𝑠𝑡, which can be expressed as: 

𝐹𝑠𝑡 = −2𝜋𝑎𝛾 + 𝜋𝑎2𝛾 (
1

𝑎
+

𝑎

𝑏2
) (8) 

where a is the equatorial radius, b is the vertical conjugate radius, and γ is the surface tension coefficient. At small 

deformation, Eq. 8 can be linearized as: 

𝐹𝑠𝑡 = 3𝜋𝛾𝛥𝑏 (9) 
The force balancing equation can be expressed as: 

𝐹𝑎 − 𝐹𝑠𝑡 = 0 (10) 

By combining Eqs. 7 - 9 while keeping the volume constant, i.e., 
4

3
𝜋𝑟3 =

4

3
𝜋𝑎2𝑏 and inserting 𝛾 = 0.005N/m, we get the 

deformation ratio, ∆b/b, as a function of  𝐹𝑎: 
𝛥𝑏

𝑏
= 4.88 × 10−12

𝜕𝐼

𝜕𝑧
(11) 

Combining Eqs. 6 and 11, we have: 
𝛥𝑏

𝑏
= 3.25 × 10−18𝑝

𝜕𝑝

𝜕𝑧
(12) 

Here p and 
𝜕𝑝

𝜕𝑧
 can be experimentally measured (i.e., 500 kHz US, p = 50 kPa,  

𝜕𝑝

𝜕𝑧
= 2.4 × 1010 𝑃𝑎/𝑚. ). Finally, the 

deformation ratio for an oil droplet of 50 µm in diameter immersed in water under the 500 kHz US wave is plotted in 

Figure 4b. Similarly, the deformation ratio for 2.5 MHz and 10 MHz US wave can also be calculated and plotted in Figure 

4b. Based on Eq. 11, 500 kHz US at 30 kPa and 50 kPa can generate a radiation force of 1.65 nN and 4.59 nN, respectively, 

and the corresponding deformation ratio of 0.14% and 0.39%, respectively.  

Through the experimental results, we can also estimate the deformation by examining the whispering gallery mode spectral 

shift. For a whispering gallery mode, the resonant wavelength, λ, can be expressed as: 

𝑛𝑙 = 𝑁𝜆 (13) 

where n is the refractive index of oil, l is the perimeter of a vertical cross-section orbit, N is the mode constant. The resonant 

wavelength shift of a droplet laser is proportional to the perimeter change in a whispering gallery mode orbit. 

𝛥𝜆 = 𝜆
𝛥𝑙

𝑙
(14) 

The perimeter change due to the deformation of vertical cross-section orbit can be calculated as: 

𝛥𝑙 = 𝑙 − 𝑙0 = 2𝜋𝑟 − 𝜋 [3(𝑎 + 𝑏) − √(3𝑎 + 𝑏)(𝑎 + 3𝑏) ] (15) 

During lasing enhancement with US, we did not observe any resonant peak shift at 50 kPa. Therefore, the peak shift, 

∆𝜆, should be below the spectrometer resolution (0.1 nm). Combining Eqs. 12 - 13 and using 𝑛 = 1.46, 𝑟 = 25 µm, and 

𝜆 = 540 nm,  we can estimate the upper limit for the corresponding deformation ratio based on the following two 

assumptions: 

(1) conservation of volume for the 3-D model: 
4𝜋

3
𝑟3 =

4𝜋

3
𝑎2𝑏, 

∆𝑏

𝑏
 < 0.1% (16)  

(2) conservation of cross-section area for the 2-D model: 𝜋𝑟2 = 𝜋𝑎2𝑏,   
∆𝑏

𝑏
 < 1.5% (17) 

The actual deformation ratio should be between these two ideal estimations. 

To demonstrate the dependence on the droplet size and ultrasound pressure needed to generate ultrasound lasing 

enhancement, we calculate the ultrasound pressure as a function radius of droplets to achieve certain deformation ratio 

(Figure 4c). Here we take 0.14% radius deformation ratio as the critical deformation of this phenomenon from the 500 kHz 

calculations and measurements above. 
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Figure 4. (a) Schematic of the deformation model. (b) Theoretical calculation of the radius deformation ratio of an oil droplet 

as a function of the ultrasound pressure. (c) Theoretical calculation of ultrasound pressure to achieve a certain radius 

deformation ratio (0.14%) as a function of droplet radius. 

2.3 Fluorescence intensity of droplets and lasing intensity of polystyrene beads under ultrasound 

To further confirm the mechanism of the enhanced lasing emission described above, we conducted two groups of control 

experiments. First, to confirm that US has no effect on the efficiency of dye molecules and pump energy distribution, we 

studied the fluorescence intensity from the microdroplet of the similar size (~50 μm in diameter) doped with the same 

concentration of BODIPY. In Figure 5, we compare the fluorescence intensity of a droplet with a strong US pressure (50 

kPa at 500 kHz) and without US (0 kPa) when the droplet was pumped at an energy density level of 10 μJ/mm2 (below its 

lasing threshold). No difference in fluorescence intensity was observed between the strong US pressure (50 kPa at 500 

kHz) and no US pressure (0 kPa), indicating that US has no effect on the fluorescence efficiency of the dye molecules.  

 

Figure 5. Fluorescence intensity of an oil droplet (50 µm in diameter) doped with BODIPY without and with applying 

ultrasound pressure (50 kPa at 500 kHz). All data were obtained under the same pump energy density of 10 μJ/mm2 with a 

repetition rate of 20 Hz. Error bars were obtained with 5 measurements. 

Second, in Figure 6, the effect of US on the lasing properties of a polystyrene bead (10 μm in diameter) doped with FITC 

fluorescent dye was investigated to confirm that the US enhancement of lasing is due to the deformation. The lasing 

intensity of the polystyrene laser bead remained unchanged after exposing to continuous US (50 kPa at 500 kHz). 

Compared to an oil droplet, the polystyrene bead with Young’s modulus of 3 GPa is much more difficult to deform under 

the same US pressure (50 kPa at 500 kHz). Consequently, no lasing enhancement was observed when US was applied to 

the polystyrene bead. 
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Figure 6. Lasing intensity of a polystyrene bead doped with FITC without and with applying ultrasound pressure (500 kHz, 

50 kPa). All data were obtained under the same pump energy density of 40 μJ/mm2 with a repetition rate of 20 Hz. Error bars 

were obtained with 5 measurements. 

2.4 Control of droplet laser emission by ultrasound 

Figure. 7a shows the capability to non-invasively modulate the microdroplet laser emission by changing the US intensity. 

In particular, a 500 kHz focused US transducer was used to produce multiple cycles of pressure (012 kPa60 kPa12 

kPa0). Every time when a strong US pressure of 60 kPa was applied, significant lasing enhancement of 4-6-fold could 

be observed compared to the laser emission at US pressure of 0 and 12 kPa. In addition to the US intensity, the laser 

emission can also be controlled by the US duty cycle. Figure. 7b presents the laser emission intensity with 0%, 24%, and 

48% duty cycle under the same US pressure (50 kPa at 500 kHz). With the increased duty cycle, the lasing intensity 

increases linearly. Finally, we demonstrate the laser emission enhancement by short US bursts. A series of US bursts (500 

kHz, 60 kPa, 60 ms burst duration) was utilized to trigger the enhanced microdroplet laser emission with a repetition 

frequency of 0.5 Hz. The laser emission was collected with an exposure time of 0.5 s. From the synchronized US pressure 

and laser intensity curves in Figure. 7c, it can be seen that the lasing intensity follows the US burst at the same repetition 

frequency. 

 

Figure 7. Modulating laser by ultrasound (US). (a) Observation of laser intensities over multiple 500 kHz US pressure cycles 

(012 kPa60 kPa12 kPa0). Insets: CCD images of the oil droplet at ground states and lasing enhancement states. The 

overall downward trend of lasing intensity was caused by the photobleaching effect. Error bars were obtained with 5 

measurements. Scale bar: 25 μm. (b) Lasing intensity modulated by the duty cycle of 500 kHz US at 50 kPa. When the US 

duty cycle increases, lasing output increases accordingly. All lasing intensities in (a) and (b) were extracted from the spectra 

collected under a pump energy density of 40 μJ/mm2 and an integration time of 1 s. (c) Lasing emission enhanced by short 

US bursts (500 kHz, 60 kPa, 60 ms burst duration, 0.5 Hz repetition frequency). The top (blue) curve is US driving signal 

acquired by an oscilloscope. The bottom (red) curve is extracted from a series of spectra under a pump energy density of 40 

μJ/mm2 and an integration time of 0.5 s. The repetition rate of the pump is 20 Hz, which ensures that there is at least one pump 

during the US burst. 
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2.5 Temporal modulation of droplet laser emission by ultrasound 

The ability to temporally modulate the laser emission is the key to significantly improving the SNR. This becomes even 

more critical when applying the microdroplet laser for sensing and imaging in deep tissues. First, a series of short US 

bursts (500 kHz, 60 kPa, 30 ms burst duration) with a repetition frequency of 8 Hz was applied to the microdroplet laser. 

A CCD camera was used to continuously record the laser output intensity. The pump laser was set at 40 Hz with an energy 

density of 50 μJ/mm2 to match the image sampling rate of 40 fps. Figure. 8a presents the raw intensity curve as a function 

of time extracted from the recorded images. Figure. 8b shows the frequency domain analysis of the signal in Figure 8a 

with a bandpass (6-10 Hz) FFT digital filter. A distinct 8 Hz component in the frequency spectrum is observed 

corresponding to the 8 Hz US bursts. Then, a series of short US bursts (500 kHz, 60 kPa, 15 ms burst duration) with a 

repetition frequency of 20 Hz was applied to the microdroplet laser. Similarly, the pump laser was set at 80 Hz with an 

energy density of 50 μJ/mm2 to match the image sampling rate of 80 fps. Figure. 8c presents the raw intensity curve as a 

function of time extracted from the recorded images. By applying a bandpass FFT digital filter (15-25 Hz), a 20 Hz 

modulated frequency component in laser output can be seen in Figure. 8d with an SNR of approximately 30. 

 

Figure 8. Lasing emission modulated temporally by ultrasound (US). (a) Lasing intensity recorded in the time domain 

modulated by US bursts (500 kHz, 60 kPa, 30 ms burst duration, 8 Hz repetition frequency). The lasing intensity under a pump 

energy density of 50 μJ/mm2 with a pulse repetition rate of 40 Hz was recorded from a CCD with 40 fps. (b) Frequency 

spectrum when applying FFT to the lasing intensity in (a) with a bandpass filter (6-8 Hz). A peak at the 8-Hz modulation 

frequency can be noted. (c) Lasing intensity recorded in the time domain modulated by US bursts (500 kHz, 60 kPa, 15 ms 

burst duration, 20 Hz repetition frequency). The lasing intensity under a pump energy density of 50 μJ/mm2 with a pulse 

repetition rate of 80 Hz was recorded from a CCD with 80 fps. (d) Frequency spectrum when applying FFT to the lasing 

intensity in (c) with a bandpass filter (15-25 Hz). There is a notable 20 Hz modulated component in the spectrum. 

2.6 Ultrasound-modulated oil droplet laser in blood 

To demonstrate the potential applications of the US modulated droplet laser to biological tissues, in Figure 9a we used a 

glass capillary embedded 1 mm in an optical scattering gel to simulate a blood vessel. The oil droplets were mixed with 

human whole blood and injected into the capillary. Initially, a continuous US pressure (40 kPa at 500 kHz) was focused 

on the blood vessel phantom, and enhanced lasing intensity was observed. The enhancement was reversible after turning 

the US off (Figure 9b). This result verifies that the US lasing enhancement persists even when the droplets are surrounded 

by whole blood. Next, a series of short US bursts (500 kHz, 60 kPa, 60 ms burst duration) at 4 Hz repetition frequency 

was used to modulate the droplet laser. The lasing emission was collected by a CCD camera with 20 fps, as the result 

shown in Figure 9c. After applying a bandpass FFT digital filter of 2-6 Hz, the modulation component at 4 Hz can be easily 

extracted with a high SNR of 25, as shown in Figure 9c. 
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Figure 9. Ultrasound (US) modulated oil droplet lasers in blood. (a) Schematic of the experiment. (b) Lasing spectra of an 

oil droplet laser mixed with human whole blood and loaded into a capillary before, during, and after applying US pressure 

(40 kPa at 500 kHz). All curves were obtained under the same pump energy density of 50 μJ/mm2 with a pulse repetition 

rate of 20 Hz. Curves are vertically shifted for clarity. (c) (Top) Lasing intensity collected from the whole blood in the time 

domain with US bursts (500 kHz, 60 kPa, 60 ms burst duration, 4 Hz repetition frequency). The lasing intensity was 

recorded from a CCD with 20 fps under a pump energy density of 70 μJ/mm2 with a pulse repetition rate of 20 Hz. (Bottom) 

Corresponding frequency spectrum of the lasing intensity processed with a bandpass FFT filter (2-6 Hz). There is a notable 

4 Hz component in the spectrum. 

3. DISCUSSION 

In this study, we demonstrated the first “ultrasound modulated droplet laser” utilizing biocompatible microdroplet lasers 

and low intensity focused ultrasound transducers. First of all, lasing intensity enhancement was observed and investigated 

under various US frequencies and continuous pressure. Besides, we explored modulating droplet laser output with US duty 

cycle and short bursts. Moreover, the temporal modulation of laser output was achieved with a series of US short bursts at 

a specific frequency and frequency domain analysis. In addition, we validated that the ultrasound modulated droplet lasers 

could work well in biological samples such as vessels containing human whole blood. In all the experiments, the pump 

energy density was orders of magnitude lower than the level that may cause damage to cells or tissues, demonstrating that 

the US modulated droplet lasers could be developed into non-invasive imaging and sensing technologies. 

Our study provides a possible solution to break the optical diffusion limit and significantly improves the spatial resolution, 

sensitivity, and imaging depth, which overcomes the long-standing drawbacks of conventional fluorescence techniques. 

By combining the advantages of US imaging, including deep tissue penetration and high spatial resolution with the 

advantages of laser emission, including high SNR, imaging contrast, and sensitivity, the ultrasound modulated droplet 

laser presented in this work opens a door to a new generation of laser emission microscopy for imaging and sensing in 

deep biological tissues. Below we discuss several scenarios and possible methods to exploit US modulated droplet lasers. 

By conjugating the droplet lasers with targeted cells, imaging and tracking of cellular dynamics could be achieved in-vivo 

in subsurface tissues. Without targeting any biological entities, the droplet lasers injected into the circulatory system such 

as blood vessels can also work as a blood pool agent to achieve high-resolution laser emission imaging of the vasculature, 

as well as flow dynamics in biological samples. Besides potential contributions to biology and medicine, the method 

described in this work provides a new platform to tune the cavity shape and size remotely, non-invasively, and continuously 

by ultrasound, which is important for fundamental research and the development of novel photonic devices.   

4. METHODS 

4.1 Generation of microdroplets 

BODIPY used in this study was purchased from ThermoFisher (Catalog #D3921). Detergent and dichloromethane were 

purchased from Sigma-Aldrich. Corn oil was purchased from a local supplier. Microdroplets were generated by the 

standard oil-in-water dispersion procedure[34]. 15 μL corn oil doped with BODIPY was mixed with 985 μL diluted 

detergent and the mixture was shaken for 5 minutes until the oil was dispersed uniformly in the solvent. In experiments, 

we diluted the microdroplet solution prepared above 25× in order to easily observe single droplets. 
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4.2 Microwells and capillaries 

A 3×3 array of microwells 50 μm in depth and 1 mm in diameter were fabricated in a biocompatible negative photoresist 

SU-8 on the surface of a 1″ × 1″ glass slide using standard soft lithography. The mirrors were first cleaned by solvent 

ultrasonication (sonicated in acetone, ethanol, and de-ionized water sequentially) and oxygen plasma treatment. Then, they 

were dehydrated at 150 °C for 15 minutes right before a 50 μm thick SU-8 2025 (MicroChem Corp., USA) layer was spin-

coated on the top of the mirrors. After soft-baking the SU-8-coated mirrors for 3 minutes at 65 °C and 8 minutes at 95 °C, 

a contact lithography tool Karl Suss MA 45S was used to UV-expose the mirrors through a mask. The exposed mirrors 

were subsequently subjected to post-exposure baking at 65 °C for 1 minute and 95 °C for 6 minutes, followed by 8 minutes 

of development. After rinsing and drying, the microwell array was further hard baked at 150 °C for 10 minutes and treated 

with oxygen plasma to improve hydrophilicity. Before experimental measurement, the microdroplet solution was dripped 

into the microwells, which were then covered with a glass slide.  

The glass capillary, which was used to simulate a blood vessel, was purchased from Thomas Scientific. It had a diameter 

of 700 μm and a wall thickness of 100 μm. To start with, the microdroplet solution was diluted 20× and mixed with human 

whole blood. Then the mixture was injected into the capillary, which was later sealed with UV curable epoxy (NOA 81). 

Finally, the capillary loaded with the sample was submerged 1 mm into US coupling gel. 

4.3 Optical and ultrasound setup 

A typical confocal setup was used to excite the oil droplet lasers and collect emission light. (Figure 1a). In this work, a 

pulsed diode laser (pulse width: 2 ns, tunable repetition rate from 20 to 799 Hz) at 473 nm was loosely focused through a 

20 mm focal length cylindrical lens to excite the oil microdroplets in microwells or capillaries. In the control experiments, 

a pulsed OPO laser (pulse width: 5 ns, repetition rate: 20 Hz) with 485 nm was applied to excite polystyrene beads doped 

with FITC. The pump intensity was controlled by a continuously variable neutral density filter. The emission light was 

collected through the same lens and sent to a spectrometer (Horiba iHR550, spectral resolution ~0.2 nm) for further 

analysis. For ultrasound modulation, focused ultrasound transducers with 500 kHz, 2.5 MHz, 10 MHz central frequency 

(500 kHz: H107, Sonic Concepts, Bothell, WA; 2.5 MHz: V307, Olympus Inc.; 10 MHz, V322, Olympus, Inc.) were 

driven by a function generator (Stanford Research Systems DS345) and a power amplifier (37 dB, custom design) to 

generate the desired US signals. A commercial calibrated hydrophone (ONDA HNC-1500) was used to measure the 

applied US pressure during the experiments at the focus of the ultrasound field. 
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