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Abstract: Existing preparation methods for microdroplets usually require offline measurements to 

characterize single microdroplets. Here, we report an optical method used to facilitate the control-

lable formation and real-time characterization of single microdroplets. The optical tweezer tech-

nique was used to capture and form a microdroplet at the center of the trap. The controllable growth 

and real-time characterization of the microdroplet was realized, respectively, by adjusting experi-

mental parameters and by resolving the Raman spectra by fitting Mie scattering to the spike posi-

tions of the spectra during the controllable growth of microdroplets. The proposed method can be 

potentially applied in optical microlenses and virus detection. 
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tion 

 

1. Introduction 

Microdroplets are widely used in the fields of biology, chemistry, medicine, and ma-

terial science [1–8]. Naturally occurring lipid microdroplets in cells can be used as optical 

microlenses to facilitate the dynamic imaging of subcellular structures and image differ-

ent parts of the cell by combining light manipulation techniques to control the spatial po-

sition of the microlenses within the cell [9]. The reaction rates of common organic micro-

chemical reactions can be increased by one to six orders of magnitude in aqueous micro-

droplets, in comparison with bulk solutions, under the action of an electric field [10]. Janus 

microparticles with different characteristics can be conveniently generated and regulated 

in a droplet microfluidic system, which can reduce preparation time and reagent con-

sumption [11]. Additionally, drug-loaded nanodroplets can be used to enhance and local-

ize drug delivery with sub-millimeter precision, which offers increased stability and pro-

longed half-life during circulation when compared to microbubbles [12]. The aforemen-

tioned studies verify that microdroplet quality is crucial for the effectiveness of micro-

droplet applications.  

Although conventional microdroplet preparation methods are currently used in sev-

eral fields [13–16], verifying the stability, uniformity, and monodispersity of micro-

droplets is difficult. The expansion of microdroplet applications has led to higher require-

ments, such as the controllable growth of microdroplets and the real-time characterization 

of microdroplets. Among the emerging microdroplet preparation methods [17–23], drop-

let-based microfluidic technology [24–27] is considered a universal tool for widespread 

applications. However, despite the extensive applications and formation methods of mi-

crodroplets, existing microdroplet preparation methods generally require offline meas-
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urements for their characterization. Typically, scanning electron microscopy and trans-

mission electron microscopy [28–30] are used to take measurements. Despite the high 

measurement accuracy, these instruments are expensive, complex to operate, and (due to 

offline measurements) can distort the chemical composition of microdroplets and the low 

timeliness of measurements. Therefore, a method that can realize the controllable for-

mation and real-time characterization of microdroplets is ideal for the expansion of ver-

satile microdroplet applications in various fields. It is well known that optical tweezers 

[31–34] are a precise tool in micro-manipulating [35,36], they may become effective 

method. 

In this study, we propose an optical tweezer (OT)-based method to realize the con-

trollable formation and real-time characterization of single-microdroplet. The solution 

used comprises aqueous sodium chloride (NaCl), aqueous potassium chloride (KCl), and 

aqueous disodium hydrogen phosphate (Na2HPO4) solutions. A microdroplet is trapped 

and formed in the focus area with a size of several to tens of microns in diameter under 

the effect of an optical trapping force. The growth rate and size of the microdroplet are 

associated with factors such as laser trapping power, solution composition, and ambient 

relative humidity (RH), which can realize the controllable formation of microdroplets. In 

addition, the parameters (such as radius and refractive index) of the microdroplets can be 

precisely characterized in real time using the Raman spectra. The microdroplet online 

controllable formation and real-time characterization method can pave the way for novel 

ideas and research methods in terms of super-resolution microscopic imaging and virus 

detection in atmospheric environments. 

2. Materials and Methods 

2.1. Optical Tweezers 

Figure 1a illustrates the schematic of the OT-based microdroplet formation system. 

The system comprises a microdroplet capture and control module, an ambient RH regu-

lation module, and a detection module. The stable capture and generation of micro-

droplets were both achieved with the microdroplet capture module. A sample chamber 

was used to provide a chamber environment when capturing the microdroplet. The am-

bient RH regulation module was used to adjust the RH of the sample chamber environ-

ment. The capture and generation processes of the microdroplet using OT was imaged 

using a complementary metal-oxide semiconductor (CMOS) in the detection module. The 

characteristic information of the microdroplets was detected and resolved in real time us-

ing the detection module. 

As indicated in Figure 1a, a 532 nm linearly polarized light beam (Sprout-D-5W-NET, 

Lighthouse Photonics, 5 W, solid-state laser) was used as the laser source. The laser power 

was adjusted by placing a half-wave plate (HW) in front of the polarization beam splitter 

(PBS). A computer-controlled motorized holder was used to rotate the HW and change 

the output power. The adjusted light beam was brought into a high-numerical-aperture 

microscope objective lens (NA = 0.9, 100x, Nikon) using a telescope and beam splitter (BS); 

this generated the position-fixed trapping. The sample chamber was placed on a piezo-

actuated translational stage. Subsequently, the transmitted light was separated by the BS 

and dichroic mirror (DM). To further perform the Raman spectroscopy measurements, an 

optical filter and a Raman spectrometer (Shamrock 750, Andor Technology) were used to 

monitor the beam. The backscattered Raman signal from the microdroplet was focused 

onto the entrance slit of the spectrometer equipped with a 1200 grooves/mm diffraction 

grating and an electron-multiplying charged coupled device array of 1600 × 200 pixels. A 

455 nm light-emitting diode (LED) was used as the light source, and Kohler illumination 

was realized for bright-field imaging of the microdroplet. Images of the microdroplets 

were acquired using a CMOS (STC-MCA5MUSB3, 14fps, Sentech). Figure 1b shows the 

photographs of microdroplets captured by optical trap, which were taken by the CMOS. 

http://www.baidu.com/link?url=rz1P3IW8-p3xE95zwL1V1tJU77cz_WBL3xU4y3SngyHjMz-piiGt8Z5ZNgXuybnwkbHRitlmQSXDNUBYtfzn5Qy9IZ1p3F5ajilE7RZkfzkrg5PM07N5ng4xM7nDN42g
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Figure 1c shows the schematic diagram of the sample chamber, which consists of a sample 

atomization inlet and a RH adjustment inlet, as well as an air outlet. 

 

Figure 1. (a) Schematic of the microdroplet formation system based on optical tweezers (OTs). HW: 

half-wave plate; PBS: polarizing beam splitter; L: lens; BS: beam splitter; OBJ: objective; R: reflector; 

DM: dichroic mirror; NF: notch filter; LED: light-emitting diode; CMOS: complementary metal-ox-

ide semiconductor; RH: relative humidity; N2: nitrogen. (b) Photographs of microdroplets captured 

by optical trap are taken by the CMOS. (c) Schematic diagram of the sample chamber. 

2.2. Method 

The method for the controllable formation and real-time characterization of single 

microdroplets can be summarized as follows. Firstly, the laser was turned on and a laser 

trapping power of 60 mW was used to increase the trapping force. Secondly, a nebulizer 

(Omron, NE-U22V) was used to nebulize the aqueous NaCl, KCl, and Na2HPO4 solution 

into the sample chamber, making the NaCl, KCl, and Na2HPO4 microdroplets float in the 

sample chamber. Thirdly, when a single microdroplet was captured and generated at the 

center of the trap under the trapping force, the laser trapping power was reduced to 20–

35 mW. Fourthly, experimental parameters, such as the ambient RH, laser trapping 

power, and solution composition, were regulated to realize the controllable formation of 

single microdroplets. The ambient RH in the sample chamber was regulated by introduc-

ing nitrogen gas stream into the chamber, which was realized by adjusting the ratio of dry 

nitrogen to wet nitrogen gas flow. Finally, during the controllable formation of single mi-

crodroplets, the back-scattered Raman signal from the microdroplet was focused onto the 

entrance slit of the spectrometer equipped with a 1200 grooves per mm diffraction grating 

and the integration time was 1s. Raman spectra data were automatically saved in a folder 

for real-time characterization. When Raman spectrum of the microdroplet was saved in 

the folder, the computer program began to solve the Raman spectroscopy data and dis-

played the results (radius and refractive index) in real time on the graphical user interface 

of the computer. The unique type of resonance exhibited during the inelastic scattering 

induced by the microdroplets is referred to as the whispering gallery mode (WGM). When 

the wavelength of light matches the resonance mode of the cavity, two counter-propagat-

https://fanyi.so.com/?src=onebox#nitrogen%20%28gas%29
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ing waves form a standing wave around the microdroplet. The Mie scattering theory pro-

vides analytical descriptions of the intensity of the electromagnetic field scattered by the 

microdroplet [37]. The Mie scattering coefficients, namely na  and nb , often referred to as 

partial wave amplitudes, were used to calculate the intensity of the scattered field. na  

and nb  are associated with the transfer magnetic and electric modes, respectively, and 

can be evaluated by applying the boundary conditions of the dielectric sphere. Here, we 

consider the microdroplet as a dielectric sphere. Then, the results were obtained as fol-

lows: 
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where m  denotes the refractive index of the microdroplet relative to the surrounding 

medium; 
2

=
a

x



indicates the size parameter function corresponding to the vacuum 

wavelength  ; n and n represent the Riccati–Bessel functions of the first and second 

order n , respectively, which can be defined as 
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where ( )nj x  and (1) ( )nh x  denote the spherical Bessel and spherical Hankel functions, re-

spectively, of the first order n . Alternatively, the coefficients can be expressed as 
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For a spherical microdroplet with a real refractive index, Mie resonances occur when 

the imaginary parts of the coefficients na  and nb are eliminated and the real parts are 

equal to unity. The exact locations of these resonances can be calculated using 

( , ) 0=nC x m or ( , ) 0=nD x m . The aforementioned equations can be solved by obtaining an 

infinite series of roots for each mode number of a resonance. The first and second roots 

are labeled 1=l  and 2=l , respectively, where l  denotes the mode order of the reso-

nance. For a fixed mode number n , the spectral width of the resonance peaks increases 

with the increase in l . Conversely, for a fixed mode order l , the spectral width of the 

resonance peaks decreases as n  increases.  

Accurate sizing of the microdroplet requires the experimental Raman spectroscopy 

data to be fitted to the theoretical positions of Mie scattering. Typically, the wavelengths 

of WGMs are calculated using the Mie scattering theory over ranges of plausible micro-
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droplet size and refractive index, which are then compared to the experimental wave-

lengths. A figure of merit is assigned to each trial combination of size and refractive index 

that facilitates the identification of the best-fit values.  

3. Results and discussion 

We first investigated the feasibility of using OT to facilitate the formation of single 

microdroplets. When the laser was turned on and the OT trap existed in the sample cham-

ber, the aqueous KCl solution (50 g/L) was nebulized into the sample chamber (RH was 

60%) using an ultrasonic nebulizer at a 30° nebulization angle. A single KCl microdroplet 

was trapped and formed at the center of the trap in the presence of an optical trapping 

force. After the single KCl microdroplet was stably trapped, the Raman signal of the mi-

crodroplet was excited and collected using the Raman spectrometer. Figure 2 depicts the 

morphology of the KCl microdroplet trapped by the OT and the corresponding Raman 

spectroscopy signal with an integration time of 1 s. The Raman spectroscopy signal of the 

KCl microdroplet was divided into two parts. One part indicates the spontaneous Raman 

signal of the broadband in the range of 3300–3650 cm−1, which corresponds to the O-H 

stretching vibration of water. The other part indicates the seven sharp peaks (numbers 1-

7) above the broad water band. Because the microdroplet was in a baseless suspended 

state that is equivalent to a spherical cavity, the laser underwent multiple total reflections 

inside the microdroplet. During this process, certain specific locations of the signal were 

significantly enhanced, generating seven sharp peaks above the broad water band. These 

spikes are referred to as the excited Raman peaks. The locations and intensities of the 

spikes were closely associated with the size of the microdroplet and its internal compo-

nents. The time-resolved size and refractive index of the microdroplet can be obtained by 

fitting the Mie scattering to the spike positions and the fit results in the KCl microdroplet 

with a radius of 4.92 µm and a refractive index of 1.323.  

 

Figure 2. Representative morphology of a KCl microdroplet trapped by the optical tweezers (OTs) 

and the corresponding Raman spectroscopy signal. 

The principle of the formation of KCl microdroplets based on optical tweezers is as 

follows: after the laser was turned on, an optical trap was formed. A ultrasonic nebulizer 

was used to nebulize the aqueous KCl solution into the sample chamber, making the KCl 

microdroplets float in the sample chamber. As the refractive index of the KCl microdroplet 
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was higher than that of the air in the surrounding environment, the higher refractive index 

KCl microdroplet could be captured and formed in the focus area under the trapping 

force. The microdroplet could grow larger at the initial stage before the changes of the RH 

of the sample chamber because several KCl microdroplets could be continuously captured 

by the optical trap.  

To realize the controllable formation and real-time characterization of single micro-

droplets, the effects of the experimental parameters on the microdroplet growth were in-

vestigated. Initially, we investigated the effect of ambient RH on microdroplet growth. 

Considering an aqueous KCl solution with a concentration of 50 g/L, Figure 3a depicts the 

KCl microdroplet radius as a function of irradiation time under the condition that the 

ambient RH decreases from 80% to 60% at 10% intervals. The ambient RH was measured 

at a position shown in Figure 1. Depending on the flow control ratio between dry and wet 

nitrogen flow, it normally takes about 1-2 minutes to reduce the ambient RH from 80% to 

roughly 70%. It then takes about 4-5 minutes to make sure the ambient RH is maintained 

at a relatively stable value by fine-tuning one of the nitrogen flows. The data presented in 

the paper were obtained after the ambient RH was stabilized. Figure 3b shows the KCl 

microdroplet refractive index as a function of irradiation time under the condition that the 

RH decreases from 80% to 60% at 10% intervals. The obtained experimental results indi-

cate that the variation trends of the KCl microdroplet size and refractive index are identi-

cal and opposite to that of the ambient RH, respectively. This is because when the ambient 

RH decreases, the KCl microdroplet evaporates water and reduces the microdroplet size, 

which in turn increases the refractive index. 

 

Figure 3. (a) KCl microdroplet radius and (b) refractive index as functions of irradiation time under 

different ambient relative humidity (RH) conditions. 

Subsequently, the effect of laser trapping power on microdroplet growth was inves-

tigated. In the case of Na2HPO4 solution with a concentration of 122 g/L and KCl solution 

with a concentration of 50 g/L, the ambient RH was 70%, and the laser trapping power 

was 35 mW. Figure 4a shows the radius histogram of the Na2HPO4 microdroplet under a 

laser irradiation time of 600 s. To investigate the effect of laser trapping power on 

Na2HPO4 microdroplet growth, the radius histogram was transformed into a mean radius 

value versus the trapping power. Figure 4b depicts the Na2HPO4 microdroplet radius as 

a function of the laser trapping power under an ambient RH of 70% and a laser irradiation 

time of 600 s. Figure 4c depicts the KCl microdroplet radius as a function of the laser trap-

ping power under an ambient RH of 70% and a laser irradiation time of 600 s. The growth 

rate of Na2HPO4 and KCl microdroplets were almost positively proportional to the laser 

trapping power. This phenomenon can be attributed to the fact that the higher the laser 

trapping power, the higher the optical trapping force, which can trap multiple micro-

droplets at the center of the OT trap. As the microdroplets are liquid, multiple micro-

droplets can fuse into one large microdroplet. The refractive index of Na2HPO4 and KCl 
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microdroplets remains almost constant because the ambient RH in the sample chamber is 

constant and no moisture absorption or volatilization of the microdroplets occurs. 

 

Figure 4. (a) Histogram of the radius of the Na2HPO4 microdroplet. (b) The Na2HPO4 microdroplet 

radius as a function of the trapping power obtained using the same method of the radius histogram 

in (a). The solid line denotes the linear fitting curve. 

Finally, the effect of the solution composition on the microdroplet growth was ana-

lyzed. The laser trapping power was 20 mW. We considered the aqueous NaCl, KCl, and 

Na2HPO4 solutions with concentrations of 50 g/L. Figure 5a shows these three types of 

microdroplet radius as a function of irradiation time under ambient RH changing between 

75% and 85%. As indicated in Figure 5a, the NaCl microdroplet exhibits the fastest growth 

rate, followed by the KCl microdroplet; the Na2HPO4 microdroplet has the slowest growth 

rate owing to the activity of hydrophilic ions in different microdroplets. Figure 5b depicts 

the growth of different concentrations of NaCl microdroplets when the ambient RH varies 
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between 75% and 85%. Evidently, the higher the concentration, the greater the ability of 

the NaCl microdroplet to absorb water and the larger the corresponding NaCl micro-

droplet size. This is consistent with the phenomenon where the highest hygroscopicity 

was identified at the highest concentration of NaCl in the moisture absorption tests [38]. 

 

Figure 5. (a) Growth of different types of microdroplets and (b) NaCl microdroplets of different 

concentrations under the conditions that the ambient relative humidity (RH) changes between 75 

and 85%. 

The results obtained from the above experiments verify that a controllable growth of 

single microdroplets can be achieved by adjusting the ambient RH, laser trapping power, 

and solution composition. Additionally, a real-time characterization of single micro-

droplets can be realized by fitting the Mie scattering to the spike positions of the Raman 

spectra. 
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4. Conclusions 

In conclusion, we demonstrated that the controllable formation and real-time char-

acterization of single microdroplets could be realized using the OT technique. Initially, 

microdroplet was formed at the center of the OT trap. Subsequently, the controllable 

growth of single microdroplets was realized by adjusting the ambient RH, laser power, 

and solution composition. At the end, the real-time characterization of parameters, includ-

ing the radius and refractive index of single microdroplets, was realized by fitting the Mie 

scattering to the spike positions of the Raman spectra. With advantages such as the con-

trollable formation and real-time characterization of single microdroplets, such OT-based 

microdroplet formation and characterization methods can find potential applications in 

optical microlenses and virus detection, such as optical microdroplets for super-resolution 

microscopic imaging and antibody drug microdroplets for virus detection in atmospheric 

environment. 

In our future work, we will investigate optical super-resolution imaging based on 

microdroplets generated and characterized by optical tweezers. By adjusting the compo-

sition and diameters of the microdroplets, it is possible to improve the super-resolution 

imaging ability. Since microdroplets are non-toxic and harmless and do not damage the 

microstructure to be measured, it is possible to achieve a low-cost, non-destructive, and 

real-time observation of microstructures smaller than 200 nm and break the diffraction 

limit. However, to realize the optical super-resolution imaging using microsroplets gen-

erated by optical tweezers, the microdroplets can be flexibly moved to the microstruc-

tures. To solve this problem, an electro-optical component or an acousto-optical compo-

nent should be added to the optical path to move the microdroplets generated by the op-

tical trap. We believe that with unremitting efforts, we will have good results in achieving 

super-resolution imaging based on microdroplets generated and characterized by optical 

tweezers. 
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