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Abstract 

This study aimed to determine the upper and lower limit of optical power density 
for the purpose of stable optical trapping of a single microcluster of Calix[4]arene in 
water. Various sizes of the microcluster (effective radius of 0.5 µm to 2.75 µm) were 
optically trapped using optical tweezers at 976 nm in deionized water (DIW). The 
optical stiffness of the optical trap is evaluated by determining the corner frequency 
from the power spectral density analysis of the microcluster trajectory. It has been 
found that the minimum power density required for the optical trapping of a single 
microcluster, regardless of the size of the microcluster, is 0.69 MW/cm2. However, the 
maximum power density for stable trapping varies with the size of the microcluster. 
The finding provides a starting point for possible optically controlled calixarene 
microcluster for nanosensor applications in water. 
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Introduction 

Arthur Ashkin was the first to established Optical Tweezers (OT) in his research in 
1970, for which he was awarded a noble prize in 2018 [1]. Recently, the usage of OT 
has widely spread into a lot of different research fields like physics [2], chemistry[3], 
molecular biology [4], medicine[5], agriculture[6], and others. Many researchers are 
interested in using OT nowadays because of the unique characteristics that can trap 
and manipulate single nano and micro-scale particles without any physical contact and 
only use a highly focused laser beam to trap and manipulate the particles[7, 8]. A 
traditional method to hold particles physically, such as micropipette or Atomic Force 
Microscopy (AFM), can damage the delicate sample[9]. Additionally, optical trapping 
studies using OT can be done in the different surrounding mediums, either in the air 
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[10], vacuum [11], or liquid[12], making it more desirable for the researcher to use OT 
in their research. However, most researchers focus on trapping a single spherical 
particle rather than a single irregular shaped particle cluster, whether in an air medium 
or liquid medium. 

On the other hand, the optical manipulation by trapping an irregular shape particle 
cluster is rather interesting because of the possibility of broadening the trapping range 
[13]. So, this study reports the trapping of a single irregular shape microcluster of  
Calix[4]arene in a water medium.  Calixarene is a functional molecule that poses wide 
potential applications as nanoprobes or nanosensors[14]. The most important part of 
the OT system is to have stable optical trapping of a particle under investigation. It is 
crucial for stable optical trapping of particles to set a suitable optical power density 
[15]. If the optical power density was set too high, the particle’s probability of being 
pushed away from the laser focus point is relatively high. On the other hand, if the 
optical power density was set too low, the particle could not be trapped.  

To justify whether the power density is too low or too high for stable optical 
trapping, we can measure the optical stiffness, 𝑘𝑇, of the trapped particle. The optical 

stiffness is evaluated by determining the corner frequency, 𝑓𝑐, from the power spectral 
density (PSD) of the particle’s trajectory obtained from a quadrant photodiode detector 
(QPD).  The 𝑓𝑐 parameter has been utilized to study the red blood cell [[16],  to 
differentiate between a normal or an affected red blood cell [17], to observe the 
temperature rise at the optical trap centre[18], and to recognize the structure and 
dynamics of the coagulation of clusters [18]. The relationship between 𝑘𝑇 and 𝑓𝑐 is 
shown by Equation (1). 

 
𝑘𝑇 = 2𝜋𝛾0𝑓𝑐                    (1) 

 
where 𝛾0 = 6𝜋𝜂𝑟, 𝜂 is the viscosity of the surrounding medium, and 𝑟 is the radius 

of the spherical shape of the trapped particle. However, for irregular shape particles, 
the effective size 𝑟∗  is used. 𝑟∗ is approximated by taking the average of half 
orthogonal lengths of the particle as expressed in Equation (2). 

 

𝑟∗ =
1

2
(

𝑙𝑥

2
+

𝑙𝑦

2
)          (2) 

 
where 𝑙𝑥 and 𝑙𝑦 is the particle length along 𝑥 and 𝑦-axes perpendicular to the laser 

propagation direction.  

Literature Review 

Particles with irregular shapes can be optically trapped primarily in the air as the 
surrounding medium [19, 20]. The previous researchers reported that radiation and 
photophoretic forces were responsible for the trap generated from a single focused 
laser beam[20, 21]. However, trapping a particle in an air medium poses some 
challenges. In particular, they have to wait for the particle to fall into the trap rather 
than seek it or push the particle away from the laser focus point because of the vast 
scattering force [22, 23]. On the other hand, trapping in a liquid medium is beneficial 
because of higher viscosity, allowing for a higher drag force that can temporarily hold 
the particle before falling into the trap. In addition, liquid has a higher refractive index 
than air, increasing the scattering force, thus making a weak optical trapping [24]. 
Furthermore, a higher relative refractive index produces a more significant scattering 
force, which pushes particles away from the laser focal point.  

A stable and strong optical trap can be justified by finding the value of the optical 
stiffness of the trap system [21]. Other than the surrounding medium of the trapped 
particle, the optical power density from the used laser power also affects the value of 
𝑘𝑇 [14]. Therefore, it is crucial to determine the power density limit to set up the stable 
optical trapping of the particles. This paper reports the power density limit for stable 
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optical trapping of a single microcluster of Calix[4[arene in deionized water. 

Material and Method 

Calixarene is an organic material that possesses a cratershaped nanostructure , 
as in Figure 1(a). It has various unique characteristics commonly applied in advanced 
materials, biotechnology, and nanosensors . Calixarene is well-known for the host-
guest substance; thus, several studies have been carried out on cation sensors [25-
27]. Calix[4]arene that is being used in this study is Calix[4]arene-25,26,27,28-tetrol, 
which is comprised of four phenolic units as in Figure 1(b). 

 

 
        

Figure 1. Calixarene, a host-guest substance: (a) Calix cratershaped.  (b) 
Calix[4]arene-25,26,27,28-tetrol comprised of four phenolic units. Calixarene used in 
this work. (Source: [25-27]). 

The microcluster of Calix[4]arene sample was prepared by mixing 1.7 mg of pure 
Calix arene powder (Sigma Aldrich) with 1 ml of deionized water inside of the plastic 
tube. The mixture then undergoes sonification (Branson Ultrasonic 2800 bath) at 30 ̊ 
C for three minutes. As the Calix[4]arene powder was insoluble in water, it formed an 
inhomogeneous solution with an irregular shape of microcluster suspensions.    Next, 
20 μL of the sample was dropped using a micropipette onto a glass slide with double-
sided tape on each side to produce a trapping chamber. The sample was then covered 
by a glass coverslip and sealed using nail polish. The illustration of the sample 
chamber is shown in Figure 2. The sample was then placed on the sample stage of 
the OT system for the optical trapping to take place. The trapping environment was 
maintained at 23oC. 

 

 
Figure 2. The illustration of the sample chamber. 
 

 
Figure 3. Schematic of the OT system setup. 
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Figure 4. The illustration of a trapped microcluster inside a laser beam. d is the 

diameter of the laser beam.  
 
In this study, we used a Modular Optical Tweezers instrument from Thorlabs. A 

schematic of the OT system that we used is shown in Figure 3. It consisted of a near-
infrared laser (wavelength, λ = 976 nm) that passes through the beam expander. The 
beam entered the objective lens (Olympus, 100×, N.A 1.25, oil immersion) and 
focused into the sample chamber. The view of a single microcluster of Calix[4]arene 
trapping inside the focused laser beam is shown in Figure 4. The microcluster was 
trapped at the laser focal area, and d is the diameter of the laser power sport in this 
study (1.1 μm). The scattered laser beam was collected using a condenser lens 
(Olympus, 10×, N.A 0.25). The laser was reflected again by a dichroic mirror onto a 
quadrant photodiode, QPD (PDQ80A, Thorlabs), which detected the laser’s intensity 
change and converted it into an electrical signal. The signal was then collected by an 
oscilloscope (Yokogawa, DL6054) connected to the QPD. The CCD camera captured 
images of the microcluster for visual observation. 

Results and Discussion 

When the sample chamber was placed onto the stage for optical trapping to take 
place, we actively seek for a single freely suspending microcluster that has the range 
of an effective radius between 0.5 to 3.0 µm within the camera view. Once a single 
microcluster was visible, the microcluster was temporarily held by tuning the optical 
power density of the laser, 𝑃,  to 0.29 MW/cm2. The microcluster was barely be 

trapped, but the condition was enough to measure the microcluster size in the 𝑥𝑦 plane 
of a single microcluster, as shown in Figure 5. It is essential to measure these 
perpendicular lengths because of the size irregularity of the microcluster. Equation (2) 
was used to determine the effective radius of a single microcluster by substituting the 
lengths. We were able to trap six microclusters of different sizes, as shown in Figure 
6. After measuring the lengths, we pursued the experiment by increasing the laser 
power to 0.69 MW/cm2. As a result, the optical trapping lasted longer than the previous 
laser power. We could move the microcluster around without ‘dropping’ it, indicating a 
stable trap was established. Therefore, 𝑃𝑙𝑜𝑤𝑒𝑟 = 0.69 MW/cm2 was the lower limit for 
the laser power density for stable optical trapping from this observation. To find the 
upper limit of the optical power density, 𝑃𝑢𝑝𝑝𝑒𝑟, we slowly increased the laser power 

while displacing the trapped microcluster in 𝑥𝑦 plane. This process continued until 
either the trapped microcluster could no longer move because it got stuck in the 
sample chamber wall or it gets pushed out of the laser focus. It happened because the 
laser power was too strong, causing the scattering force to increase and push the 
microcluster away from the laser focus and remained to the sample chamber’s top 
wall. However, the value of the upper power limit of laser power density must be the 
value before the microcluster is propelled away from the laser focus. Table 1 below 
tabulated the upper power limit for six sizes of microcluster that we trapped in this 
study. 
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Table 1. 
The upper power limit of laser power density for six sizes of microcluster to have 

stable optical trapping 
. 

𝒍𝒙 
(µm) 

𝒍𝒚 

(µm) 
𝒓 ∗ 

(µm) 
𝑷𝒍𝒐𝒘𝒆𝒓 𝑷𝒖𝒑𝒑𝒆𝒓 

(MW/cm2) 

1.0 1.0 0.5 

0.69 

2.67 

njm 2.0 1.0 2.03 

3.0 3.5 1.6 1.73 

4.0 4.5 2.1 1.44 

5.0 4.0 2.5 2.27 

6.0 6.0 2.8 1.73 

 
 

 

 
Figure 5. A single microcluster Calix[4]arene on the 𝑥𝑦 plane perpendicular to the 

laser beam direction. 
 

 
Figure 6. Images of six sizes of a single optically trapped microcluster of 

Calix[4]arene (a-f) in water were recorded with a CCD camera. Dotted line circles are 
eye guides for the effective radius 𝑟∗. 

 
While the stable optical trapping of these single microclusters was achieved, the 

signal obtained from the QPD was collected and uploaded into the custom-made 
software (OSCal) [28] to analyze the 𝑓𝑐.  
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Figure 7. The product of the effective size and corner frequency, 𝑟∗𝑓𝑐 versus the 

effective size of a single trapped microcluster of Calix[4]arene in water at the minimum 
and maximum power density. 

𝑓𝑐 values were determined to evaluate the optical stiffness at the lower and upper 

power density limit to justify the stiffness of the trap. Supposedly the 𝑘𝑇 should be 
stronger for higher power density, as long as the experienced gradient force is larger 
than the scattering force. Equation 1 can be approximated as 𝑘𝑇 = 𝛽r*𝑓𝑐 where is the 

geometrical factor of the microcluster. Figure 7 shows the product of 𝑟∗𝑓𝑐  versus 𝑟∗. 
We can immediately see that the optical stiffness increases with the microcluster size. 
As the larger microcluster was trapped, more parts of the laser light interact, 
contributing to the stronger gradient force. The effect of the gradient force is apparent 
for using upper laser power, 𝑃𝑢𝑝𝑝𝑒𝑟. However, the optical stiffness was determined 

according to the microcluster trajectory in the 𝑥𝑦 plane as recorded by QPD. Even 

though the optical stiffness is stronger in the 𝑥𝑦 plane as the laser power density 

increases, it acts oppositely along the laser propagation direction. Along the 𝑧-axis, 
the scattering force becomes dominant proportional to the exerted laser power density 
[29]. The trap becomes unstable in this direction, and the microcluster gets pushed 
away easily. Figure 8 shows the upper and lower limit of the laser power density for 
stable trapping. Too low power was not enough to hold the microcluster, while 
overdense power density pushed away from the microcluster.  

 

 
Figure 8. Power density, 𝑃, versus the effective size, 𝑟∗, of a single microcluster of 

Calix[4]arene in deionized water.  
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Conclusion 

Based on the results from this study, we can conclude that the lowest limit of laser 
power density that we can set to have stable optical trapping regardless of any 
microcluster sizes was 0.69 MW/cm2. In comparison, the upper power limit tends to 
decrease with microcluster sizes. The optical stiffness of the trap containing 
Calix[4]arene microcluster increase with its size. The results from this study may 
benefit more research in increasing the range of trapping possible in optical trapping. 
While it was challenging to justify the relation between microcluster size, optical 
stiffness, and the power limit, we have demonstrated that a microcluster of 
Calix[4]arene could be optically trapped despite the non-spherical and inhomogeneity 
of the microcluster. The finding provides a starting point for possible optically controlled 
calixarene microcluster for nanosensor applications in water. 
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