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Abstract: At present, the measurement of cellular mechanical properties is divided into contact 

and non-contact, combined with the actual situation of the research in this paper, according to 

which the optical tweezers measurement technology in the non-contact type is adopted. Taking 

the measured value of cellular mechanical properties as the entry point of this research, the 

optimization method commonly used in chemical engineering principles was adopted, and the 

optimization model based on the separation of viscoelasticity parameters was set up by 

constantly changing the viscoelasticity parameters of intracellular transport of drugs and setting 

up certain criteria to optimize and obtain the viscoelasticity parameters that best represent the 

mechanical properties of intracellular transport of drug cells. The model was used to 

experimentally analyze the mechanical properties of intracellular drug transport. The 

deformation of drug cells when reaching the predetermined elastic force was small when 

transported with the optimized transport speed curve of parameter 𝜂, and the transport speed 

was the largest, while the deformation obtained with the transport speed curve of parameter 𝑘2 

was between the two, indicating that the optimized speed curve of viscoelasticity parameter 

can effectively reduce the mechanical damage of the drug cells in the process of transport. 

Keywords: optical tweezers measurement technique; chemical engineering principle; 

optimization model; drug cells; transport mechanical properties 

1. Introduction 

With the development of science and technology, people’s requirements for the 

therapeutic effects and means of disease treatment are increasing. The research in the 

field of drug carriers focuses on improving the bioavailability of drugs, prolonging the 

duration of drug action, realizing in vivo targeting of drugs and reducing toxic side 

effects [1–3]. At present, drug carriers still have problems such as high development 

cost, narrow scope of application, low drug loading rate and low clinical application 

rate [4,5]. How to effectively deliver macromolecular drugs into cells remains a great 

challenge. 

There are two routes of entry of macromolecular drugs into target cells, one is 

based on membrane rupture to introduce the drug directly into the cell, this route 

allows rapid delivery of almost all drugs dispersed in solution [6,7]. The membrane 

rupture-based delivery pathway allows the drug to enter the cell by transiently 

disrupting the cell membrane and repairing the membrane to restore intracellular 

homeostasis [8,9]. This approach is stringent on the extent and duration of cell 

membrane disruption and requires chemical modification of the drug to prevent 

degradation [10,11]. The other is the delivery vector route, which is categorized into 

viral and non-viral vectors. Viral delivery vectors can overcome cell membrane 

barriers and efficiently deliver macromolecular drugs into cells [12–14]. Despite the 

CITATION 

Cai M. Mechanical characterization 

of intracellular drug transport based 

on optimization of chemical 

engineering principles. Molecular & 

Cellular Biomechanics. 2025; 22(1): 

1129.  

https://doi.org/10.62617/mcb1129 

ARTICLE INFO 

Received: 17 December 2024 

Accepted: 8 January 2025 

Available online: 15 January 2025 

COPYRIGHT 

 
Copyright © 2025 by author(s). 

Molecular & Cellular Biomechanics 

is published by Sin-Chn Scientific 

Press Pte. Ltd. This work is licensed 

under the Creative Commons 

Attribution (CC BY) license. 

https://creativecommons.org/licenses/

by/4.0/ 



Molecular & Cellular Biomechanics 2025, 22(1), 1129.  

2 

high delivery efficiency of viral vectors for drugs, the limited drug loading capacity, 

high production cost, uncontrolled viral release, limited viral tropism, and safety 

concerns regarding the integration of viral genes into the host genome have not been 

fully addressed [15–18]. In contrast, non-viral delivery vectors have received 

extensive attention from scholars due to their lower immunogenicity, unrestricted drug 

carrying capacity, high flexibility, simple synthesis, low cost and easy storage [19–

21]. 

In this paper, drug cell samples were first prepared using specialized 

experimental apparatus, and before the measurement of the mechanical properties of 

drug cell transport based on optical tweezers technology began, the stiffness of the 

optical trap was calibrated, and a freely suspended microsphere was found and 

captured by observing the petri dish using a 60× oil immersion objective. To address 

errors introduced by differences in drug cell sizes, 10 of the compliant drug cells in 

each sample were randomly selected for measurement. Subsequently, the 

conformational data of the cells after actual deformation were obtained directly from 

the experimental data based on the optical tweezers technique, and an objective 

function was defined to characterize the difference between the deformed cell 

conformations and the deformed cell conformations obtained through the experiments, 

and certain discriminative criteria were set up. The viscoelasticity parameters that best 

represent the mechanical properties of drug intracellular transport cells are optimized, 

and the construction of the optimization model of drug cell mechanical properties is 

completed. With the help of this model, the mechanical properties of drug intracellular 

transport were experimented. 

2. Mechanical characterization of intracellular drug transport 

2.1. Overview of optimization of chemical engineering principles 

2.1.1. Definitions and objectives 

Optimization of chemical engineering principles refers to the process of finding 

the best parameters and conditions to improve production efficiency and economic 

benefits, reduce energy consumption and environmental pollution under the premise 

of ensuring the quality and safety of drugs [22,23]. It is a scientific method based on 

data, models and algorithms, aiming to find the optimal or near-optimal chemical 

engineering optimization scheme through the steps of experimental design, data 

analysis, model building, parameter optimization, and scheme evaluation. The goal of 

chemical engineering principal optimization is to make the production process reach 

the optimal or near-optimal in the following aspects under the premise of meeting the 

drug quality standards and safety norms: Maximize the transmission mechanical 

properties, purity, stability and bioavailability. Minimize by-products, waste, energy 

consumption and production costs. Optimization of production scale, equipment 

conditions, ease of operation and controllability. Optimal compliance with 

environmental protection requirements, social responsibility and market demands. 

2.1.2. Importance and areas of application 

Optimization of chemical engineering principles is of key importance in 

pharmaceutical engineering. It not only improves drug quality and performance, 
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reduces cost and resource consumption, and enhances innovation and competitiveness, 

but also helps to enhance the protection of the environment and human health. The 

combined benefits of these aspects make chemical engineering principal optimization 

an indispensable core strategy in the pharmaceutical field, which promotes the 

continuous progress and sustainable development of drug R&D and production. 

Optimization of chemical engineering principles has a wide range of applications in 

chemical-pharmaceutical engineering, including drug synthesis, separation and 

purification, and formulation processes. In drug synthesis, optimizing reaction 

conditions and routes improves mechanical properties, transport efficiency, and 

reduces cost and energy consumption. In drug separation and purification, the optimal 

separation method is searched to improve efficiency and purity, and reduce loss and 

pollution. In drug formulation, chemical engineering principles optimization can 

improve the quality, performance and stability of the preparation, enhance drug 

absorption and bioavailability. Taken together, chemical engineering principles 

optimization promotes innovation and efficiency in the pharmaceutical field and is 

important for drug development and production. 

2.1.3. Optimization process 

The chemical engineering principles optimization process is specifically based 

on mathematical models and algorithms to find the optimal or near-optimal solution 

through the steps of experimental design, data analysis, model building, parameter 

optimization, and solution evaluation. Chemical Engineering Principles Optimization 

is a critical engineering process that improves and optimizes drug cells through a series 

of steps to achieve higher quality, efficiency, and mechanical properties. 

Experimentation, data analysis, modeling, and optimization techniques are combined 

to achieve a drug cell delivery process with optimal mechanical properties. 

2.2. Measurement of cellular mechanical properties and their 

optimization 

2.2.1. Measurement of cellular mechanical properties 

At present, with the development of micro-nano manipulation, microfluidic chip, 

MEMS and other technologies, a series of effective methods for measuring the 

mechanical properties of cells have emerged, which can be categorized into two main 

groups according to whether or not they are in direct contact with the cells: contact 

and non-contact [24–26]. Contact measurement methods mainly include atomic force 

microscopy, parallel plate technique, squeeze deformation cytometry and microtubule 

aspiration, etc. Non-contact measurement methods mainly include magnetic tweezers, 

optical stretching, optical tweezers, shear and stretch flow deformation cytometry, 

dielectrophoretic stretching and acoustic methods, etc. Since this paper investigates, 

the mechanical properties of drug intracellular transport, optical tweezers technology 

in non-contact measurement methods is used to explore the mechanical properties of 

drug intracellular transport. 

Optical tweezers technology is formed by a highly focused laser beam that 

captures particles through the gradient force generated by the interaction of the light 

intensity generated near the focal point with the particles themselves, the structure of 

the optical tweezers technology is shown in Figure 1. Polystyrene or silica 
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microspheres are generally attached to the surface of the cell, and the cell is 

manipulated by manipulating the captured microspheres, or the elastic modulus of the 

cell can be measured by indenting the cell by the force exerted on it by the captured 

microspheres. Optical tweezers are a non-contact method for accurately and non-

destructively applying forces on the order of pico-Newtonian on the surface of a living 

cell, as well as contactless controlling the entire cell, or directly measuring forces 

acting in the cell membrane or cytoplasm. 

 

Figure 1. Optical tweezers technical structure. 

Optical tweezers technology applies attractive or repulsive forces to microbeads 

or cells by means of light intensity gradient forces generated by a focused laser, and 

based on its mechanical model, it realizes high-precision measurements of very small 

cell-oriented forces (102 ~ 103 pN), and is able to directly measure forces acting on 

cell membranes or cytoplasm and study the viscoelasticity properties of cells. 

However, the force that can be applied by optical tweezers is limited, and is often used 

to study softer cells, such as red blood cells. Meanwhile, the traditional optical 

tweezers technique also faces the problems of cumbersome operation procedures and 

low throughput when measuring the mechanical properties of cells. On the one hand, 

optical tweezers can be used to replace manual labor by combining with automation 

technology to improve the measurement efficiency. On the other hand, it can be 

combined with microfluidics and other technologies to realize the standardization and 

automation of the operation procedure, so as to achieve high-precision and high-

throughput measurements of individual cells and even organelles, and the 

measurement of intracellular transport of drug cell mechanical properties is also a field 

to be explored, which can enable people to comprehensively understand the state of 

the cells, thus promoting the pre-diagnosis of diseases. 

2.2.2. Optimization of cell mechanical properties 

Currently, most of the applications based on the mechanical properties of cells 

use model building to realize the determination and identification of abnormal cells, 

so as to realize the diagnosis of diseases and other applications. These traditional 

methods rely on the theoretical research ability of researchers and a large amount of 

labor, which is less efficient. 

The combination of artificial intelligence and cellular mechanical properties is 

not only a novel way to classify mixed cell populations, but also faster and more 

successful, which could also improve the overall success rate of cell-based therapies. 
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Therefore, in the future, more, smarter and more powerful AI methods can be designed 

to provide technical support for more applications, such as rare cell discovery and 

sorting based on cellular mechanical properties, and intelligent diagnosis of diseases, 

with a view to improving efficiency and success rates. 

The research on cellular mechanical properties of intracellular transport of drugs 

has been optimized and improved in terms of high-throughput, standardized and multi-

parameter measurements, and new methods have been proposed, which will be helpful 

for people to more comprehensively and accurately achieve the characterization of the 

mechanical properties of cells and the elucidation of the state of microphysiology and 

pathology, and it will also help to improve the efficiency and accuracy of the diagnosis 

of diseases, and help to rapidly and accurately develop and test novel drugs from the 

cellular level, which will provide new support to the development of medical and 

health care. The research will also help to improve the efficiency and accuracy of 

disease diagnosis and the rapid and accurate development and testing of novel drugs 

at the cellular level, thus providing a new boost to the development of healthcare. 

2.3. Cell mechanics optimization model 

The cellular mechanical properties of drug intracellular transport mainly involve 

the forces between the cell and the drug carrier, and between the cell and the substrate, 

which combine to accomplish various physiological functions of the cell. Various 

mechanical scenarios encountered by drug cells during transport, such as torsion, 

elongation, extrusion, shear, etc., are simulated. By simulating these mechanical 

effects, the displacements and deformations generated between cells and cells and 

drug carriers, and between cells and substrates can be studied. The viscoelasticity 

model is widely recognized to be useful for describing the mechanical properties of 

drug intracellularly transported cells; this model has only three parameters, each of 

which has a clear physical meaning. This simplicity and clarity make this model more 

favorable to researchers. How to find the viscoelasticity three parameters that 

characterize the mechanical properties of drug intracellular transport? We adopted the 

optimization method commonly used in chemical engineering principles, by 

constantly changing the parameters of drug intracellular transport cells and setting up 

certain criteria, we optimized to get the parameters that best represent the mechanical 

properties of drug intracellular transport cells. 

2.3.1. Overview of optimization methods based on parameter separation 

The influence of each of the three parameters of cellular viscoelasticity on its 

mechanical response is understood both theoretically and numerically. Where, 𝑘1 is 

known as the equilibrium modulus of a viscoelastic material, which determines the 

mechanical response of a viscoelastic material when it reaches equilibrium under a 

constant load. 𝑘1 + 𝑘2  is called the transient modulus of the viscoelastic material, 

which is the elastic modulus at the moment of initial response to the load. The viscous 

coefficients 𝜂  and 𝑘2  together determine the characteristic time of the mechanical 

response of a viscoelastic material, which portrays the rate of evolution of the 

viscoelastic material from the onset of the initial deformation to the entry into the final 

equilibrium state response. The three parameters of viscoelasticity can be separated 

and grouped into their specific problems, and these three parameters can be derived 
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one by one after analyzing the specific problems separately (𝑘1, 𝑘2, 𝜂). First, since the 

response of the drug cell at equilibrium is only determined by the equilibrium modulus 

𝑘1, the response of the drug cell after reaching equilibrium can be analyzed in an 

attempt to find an optimal value of 𝑘1 that would allow the drug cell configuration 

calculated by the model at equilibrium to match the experimentally measured drug cell 

configuration. Second, since the initial response of the drug cell to the load is 

determined by the instantaneous modulus 𝑘1 + 𝑘2, based on the optimized solution of 

𝑘1 obtained in the first step, it is now sufficient to try to find the optimized value of 

𝑘2 so that the drug cell configuration calculated by the model at the moment of the 

initial response coincides with the experimentally measured drug cell configuration. 

Finally, we have optimized the values of 𝑘1  and 𝑘2 , leaving only the viscosity 

coefficient 𝜂  to be found independently. While 𝜂  is the characteristic time of the 

mechanical response of a viscoelastic material together with 𝑘2 , if we know the 

relationship between 𝜂 and the characteristic time of the drug cell deformation under 

shear flow and can find this characteristic time, then the coefficient of viscosity 𝜂 can 

be defined naturally. 

2.3.2. Program implementation of the optimization algorithm 

Conformational data of cells after actual deformation were obtained directly from 

experimental data based on optical tweezers technology. Subsequently, an objective 

function is defined to characterize the difference between the post-deformation 

configuration of the cells and the post-deformation configuration of the cells obtained 

through experiments. Finally, a reasonable convergence criterion for the 

conformational difference is set. If the value of the objective function satisfies this 

convergence criterion, the cell viscoelasticity parameters set in the drug cell transport 

mechanics model are considered as the final optimization results; if the value of the 

objective function does not satisfy this convergence criterion, the process values of the 

optimization parameters are adjusted according to the optimization speed curve, and 

the adjusted process values of the optimization parameters are returned to the drug cell 

transport mechanics model for the next iterative calculation. Return the adjusted 

optimized parameter values to the drug cell transport mechanics model and carry out 

the next iterative calculation until the adjusted cell viscoelasticity data can make the 

objective function satisfy the convergence condition. 

3. Analysis of drug cell mechanics studies 

3.1. Measurement of cell mechanical properties based on optical tweezers 

technology 

3.1.1. Cell sample preparation 

Prepare 5 copies of co-cultivated drug cells and microspheres according to the 

drug cell and microsphere sample preparation method. H2O2 solution with a 

concentration of 30% was purchased, and four working solutions with concentrations 

of 80 𝜇𝑀, 160 𝜇𝑀, 240 𝜇𝑀 and 320 𝜇𝑀 were prepared with PBS buffer for use. The 

thickness of the glass-bottomed Petri dishes used for sample observation was 0.16 mm, 

and 1% bovine serum albumin was added before use to prevent cells or microspheres 

from adhering to the bottom of the Petri dish and affecting the manipulation of the 
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light trap. Add 100 𝜇𝐿 bovine serum albumin solution to the petri dish, place it in a 

biological safety cabinet, and wait for the solution to evaporate completely to complete 

the closure. 

Five samples of cells and microspheres were taken, and the supernatant after 

centrifugation was removed and resuspended by adding 2 ml of PBS and four H2O2 

solutions at concentrations of 80 𝜇𝑀, 160 𝜇𝑀, 240 𝜇𝑀, and 320 𝜇𝑀, respectively. The 

five resuspended samples were added to five closed petri dishes and left at room 

temperature for 20 min for observation and measurement. 

3.1.2. Optical tweezers procedure 

The stiffness of the light trap was first calibrated before the measurements began. 

Observe the petri dish under a microscope using a 60× oil immersion objective to find 

a freely suspended microsphere and capture it using the light trap. It is sufficient to 

record a video of this microsphere containing approximately 6000 images. The 

trajectory of the microsphere’s thermal noise motion around the center of the light trap 

is analyzed to derive a probability distribution curve for the displacement of the 

microsphere, which is then combined with the Boltzmann distribution to calculate the 

light trap stiffness. After the calibration of the light trap stiffness was completed, drug 

cells meeting the requirements for dual light trap manipulation, i.e., one microsphere 

adhered to each side of the level of a blood drug cell, were found in the petri dish. Two 

light traps with consistent parameters were set up to capture two microspheres on each 

side of the drug cell. During the manipulation process, one light trap was kept 

stationary and a motion sequence was added to the other light trap so that the light trap 

maintained a uniform lateral horizontal motion of 50 nm/s to stretch the drug cell and 

record a series of hologram images during the process. As before, in order to exclude 

errors introduced by differences in drug cell size, 10 of the compliant drug cells in 

each sample were randomly selected for measurement. 

Compared with other micromanipulation techniques, optical forceps have the 

following three advantages to show their performance in the field of biological 

measurement: 

(1) High resolution, up to subcutaneous magnitude, very suitable for 

biomechanical property measurement. 

(2) The manipulation of biological objects is non-invasive, which can reduce the 

interference of instruments on biological objects in biological research. 

(3) Simple structure, easy to build, mainly through the optical lens to converge 

the laser to a point to form optical tweezers, according to demand can be free to add 

other devices or combine other technologies to achieve different functions. 

3.1.3. Analysis of results 

Figure 2 illustrates the thickness images derived from the recovery of one 

compliant hemoglobin drug cell from each of the five groups of samples. Figure 2a,b–

e show images of drug cell thickness changes in PBS and in H2O2 solutions at 

concentrations of 80 𝜇𝑀–320 𝜇𝑀, respectively, with four pairs of images in each 

group corresponding to changes in light trapping power from 0 to 3 pN. In order to 

emphasize the variation of the maximum drug cell thickness, only the data for the drug 

cell thickness range above 2 𝜇𝑚 are shown in the figure. From the four sets of images 

in Figure 2a, it can be seen that the thickness of normal hemoglobin drug cells in PBS 
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subjected to the light trap pulling force changes more significantly, while the changes 

in drug cell thickness become weaker and weaker with the increase of oxidative stress 

in the series of images in Figures 2b–e. In particular, the thickness of drug cells 

subjected to double light trap stretch in Figure 2e hardly changed. These 

measurements reflect the deterioration of the deformation ability of the drug cell after 

oxidative stress, which reflects the trend of the elastic modulus of the drug cell 

becoming smaller. 

 

 

 

 

 

Figure 2. Hemoglobin drug cell thickness image. (a) RBC (PBS); (b) RBC (80μM 

H2O2); (c) RBC (160μM H2O2); (d) RBC (240μM H2O2); (e) RBC (320μM H2O2). 

Figure 3 shows the average value of the axial maximum height change rate of 10 

cells taken from each of the 5 sets of samples versus the corresponding light trap 

stretching force. It can be seen that during the variation of the light trap force from 0 

to 9 pN, the cell thicknesses all decrease with stretching as the cells are stretched 

laterally. Comparing the slopes of the fitted curves of the thickness of normal drug 

cells in PBS as a function of the light trap force, the slopes of the curves of the 

thickness of drug cells subjected to oxidative stress as a function of the light trap force 

decreased significantly, and the larger the concentration of the H2O2 solution, the 

smaller the slopes. This indicated that the structural composition of the cell membrane 

was changed after the drug cells were subjected to oxidative stress during transport, 
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and the deformation ability of the cells became worse, which also verified that 

oxidative stress would lead to the elastic modulus of the drug cell membrane becoming 

smaller. 

 

Figure 3. Relationship between thickness change rate and tension of optical trap. 

By solving the drug cell thickness, the volume of the whole drug cell, i.e. drug 

cell volume, can be calculated from the thickness values of different parts of the drug 

cell. Drug cell volume is another important indicator of the state of drug cells, and the 

volume of blood cells often changes along with the abnormal condition of the cells. 

Table 1 shows the comparison of the mean values of drug cell volume in five groups 

of samples. It can be seen from the data in the table that the average volume of normal 

drug cells in PBS is 88.37 fL, which is within the normal value range of 86–100 fL. 

As the concentration of H2O2 solution increased, the mean volume of drug cells 

decreased significantly.80 𝜇𝑀–320 𝜇𝑀 the mean volume of drug cells in hydrogen 

peroxide solution decreased to 80.62 fL, 80.14 fL, 78.73 fL and 77.78 fL, respectively. 

Table 1. Comparison of mean cell volume. 

Sample Volume (fL) 

RBC (PBS) 88.37 

RBC (80 𝜇𝑀 H2O2) 80.62 

RBC (160 𝜇𝑀 H2O2) 80.14 

RBC (240 𝜇𝑀 H2O2) 78.73 

RBC (320 𝜇𝑀 H2O2) 77.78 

The change of drug cell morphology with time during the recovery of the original 

appearance after the force was calculated, and Figure 4 shows the comparison of axial 

heights of the cell after deformation by uniaxial tensile force to the disappearance of 

the tensile force and the recovery of the cell to its original appearance, in which Figure 

4a,b are before and after the recovery, respectively. The effect of oxidative stress on 

the recovery ability of cell morphology can be obtained by making the above 
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observations on normal state hemoglobin cells and hemoglobin cells subjected to 

different degrees of oxidative stress. Again, in order to exclude the error caused by the 

different cell sizes, 10 randomly selected cells in each sample that met the 

requirements were still measured and averaged. 

 

Figure 4. Axial height comparison of deformation to restore original appearance. (a) 

Before recovery; (b) After recovery. 

In order to facilitate the comparison of the axial height change rate with time 

during the recovery process of different groups of drug cells, data with height change 

rate H/H0 in the range of 090 to 1 were uniformly selected for observation. Figure 5 

shows the average rate of height change versus time for normal drug cells placed in 

PBS and drug cells placed in different concentrations of hydrogen peroxide solution. 

It can be seen from the figure that the rate of recovery of all five groups of cells in the 

process of morphological recovery becomes gradually faster with time. Comparing the 

recovery rate of normal drug cells in PBS, the drug cells stimulated by hydrogen 

peroxide recovered faster. As the concentration of hydrogen peroxide solution 

increased, the time required for the drug cells to recover their original appearance 

became shorter. This experiment again verified that the elastic modulus of the drug 

cell membrane becomes larger with the increase of the degree of oxidative stress, i.e., 

the stiffness of the cell membrane becomes larger and the deformation ability of the 

drug cell becomes worse. In summary, it was verified that the mechanical properties 

of the drug measured by the above operation procedure were in line with the reality, 

which laid the foundation for the subsequent experimental study of cell 

microdeformation measurement. 

 

Figure 5. The relationship between the rate of change from height to height and 

time. 
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3.2. Cell mechanics optimization model validation analysis 

3.2.1. Analysis of optimization results 

The minimum deformation curves optimized by parameters 𝑘1 , 𝑘2 , and 𝜂 for 

different transport times are given in Figure 6, where the horizontal axis is the 

transport time and the vertical axis is the transport time. Regardless of the parameters 

𝑘1, 𝑘2 and 𝜂, the longer the transportation time, the larger the deformation of drug 

cells will be. Moreover, the deformation of drug cells when reaching the predefined 

elastic force is small when transporting with the transport speed curve optimized by 

parameter 𝜂, while the transport speed is the largest, and the deformation obtained 

with the transport speed curve of parameter 𝑘2 is in between. It can be seen that the 

transport speed profile in the form of viscoelasticity parameter optimization can 

effectively reduce the deformation of the cells during transport, and the degree of 

reduction increases with the reduction of transport time. 

 

Figure 6. Minimum deformation curve. 

3.2.2. Experimental validation 

The algorithmic process of viscoelasticity parameter optimization is based on the 

following assumptions: (1) an accurate cell force deformation model, (2) the drive 

system can precisely execute the action in accordance with the velocity profile of the 

viscoelasticity parameter, and (3) the cell will rupture when the set contact force size 

is reached. In fact, although these three assumptions are difficult to satisfy in practical 

applications, optimization to derive the viscoelasticity parameters is still of practical 

value. In this section, experiments are designed to demonstrate the validity of the 

above optimized viscoelasticity parameter curves derived from theoretical calculations. 

Because the contact force reaches the predetermined contact force at the moment 

t is an important nonlinear equation constraint in the optimization problem, and its 

constraint strength is large, and in fact the contact force reached by each drug cell 

transport is also different, so in the actual operation process can be adjusted to the 

optimized viscoelasticity parameter velocity curve as follows: if the contact force does 

not reach the predetermined value at the time of reaching the moment t, or the drug If 

the contact force does not reach the preset value at the moment t, or the drug cell does 
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not start to transport, let the transport speed remain at the value of the moment t to 

continue the transportation activity. 

Using the viscoelasticity parameters optimized in Figure 6 to investigate the 

mechanical properties of a drug cell transport experiments, transport time t selected as 

{0.4, 0.8, 1.2, 2.2, 2.8, 3.4, 4}, in addition to selecting four constant viscoelasticity 

parameters of the speed of the most control, respectively, for the 0.8 mm/s, 1.2 mm/s, 

2 mm/s and 3 mm/s, set the drug cell The contact force is 800 𝜇𝑁, which can be 

converted to the constant speed corresponding to the transportation time consumed is 

divided into {2.162, 1.643, 0.4681, 0.297}, the experimental results of the drug cell 

transportation deformation is shown in Figure 7. The experimental results show that 

the optimized viscoelasticity parameter speed curve for transportation, the 

deformation of drug cells is between 430 um and 690 um, generally lower than the 

deformation of drug cells under the constant speed transportation, and the deformation 

can be as small as 423 um. It can be seen that the optimized viscoelasticity parameter 

speed curve can effectively reduce the mechanical damage of the drug cells in the 

transportation process. 

 

Figure 7. Experimental results of drug cell transport deformation. 

3.3. Pharmacodynamic assessment based on cellular mechanical 

characterization assays 

Mechanical properties of cells can effectively characterize the physiological state 

of cells and can be used as a label-free covariate for detecting cell status, metastatic 

potential and degree of differentiation for the study, diagnosis and treatment of 

diseases. In this subsection, drug sensitivity studies of cells were performed using an 

anticancer drug (enzalutamide) on the basis of cell mechanical characterization. By 

comparatively analyzing the changes in the mechanical properties of PC-3 cells 

(androgen non-sensitive) and LNCaP (androgen-sensitive) cells treated with different 

anticancer drugs, the differences in the drug sensitivity of the cells and the effects of 

the different drugs on the cells were evaluated, which proved that the application of 

the cellular mechanical properties assay based on optical tweezers technology is 

promising for the assessment of drug efficacy and drug screening. 
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In this subsection, the drug enzalutamide, an androgen receptor antagonist, was 

used as an example to inhibit the proliferation of prostate cancer cells by inhibiting the 

binding of androgens to prostate cancer cells. To further understand the effects of 

different concentrations of enzalutamide on the mechanical properties of androgen 

non-sensitive prostate cancer cells PC-3 and androgen-sensitive prostate cancer cells 

LNCaP, the two types of cells were cultured using configured complete medium 

containing 5 nmol/L, 50 nmol/L, 500 nmol/L, and 5000 nmol/L concentrations of 

enzalutamide, respectively. In order to visually compare the effects of enzalutamide 

on PC-3 cells and LNCaP cells, the area and deformation of the cells were detected 

using light tweezers technique and compared with the untreated control group The 

changes in the area and deformation of the two types of cells under different 

concentrations of the drug were statistically analyzed, and the analysis of the area and 

deformation of the cells under different concentrations is shown in Figure 8, where 

Figure 8a,b denote area and deformation. The results showed that there was no 

significant change in the area and deformation of PC-3 cells under different 

concentrations of enzalutamide, while the LNCaP cells showed changes in cell area 

and deformation, but to a lesser extent, and the mean value of the area and the mean 

value of the deformation of the LNCaP cells were minimized when the concentration 

of enzalutamide was 1000 nM, which were 175.4𝜇𝑚2 and 0.048𝜇𝑚, respectively. 

  
(a) (b) 

Figure 8. Cell area and deformation analysis at different concentrations. (a) area; (b) 

deformation quantity. 

To further investigate the trend of the two types of cells in enzalutamide, a 

comparison of the 50% density contours of the two types of cells is shown in Figure 

9, where Figure 9a,b are PC-3 and LNCaP, respectively. androgen non-sensitive 

prostate cancer cells PC-3 did not show any significant changes in cell area and cell 

morphology after incubation with different concentrations of enzalutamide for 24 h, 

whereas androgen-sensitive prostate cancer cells LNCaP showed no significant 

changes in cell area and cell morphology, whereas androgen-sensitive prostate cancer 

cells LNCaP showed significant changes in cell area and cell morphology in relation 

to enzalutamide concentration. Because enzalutamide is an androgen antagonist that 

inhibits the binding of androgens to their receptors, and PC-3 cells are not sensitive to 

androgens, enzalutamide does not affect the morphology and growth of PC-3 cells in 

terms of the mechanism of drug action. In contrast, LNCaP, as androgen-sensitive 
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prostate cancer cells, the cell area and deformation under the action of enzalutamide 

gradually decreased with the increase of drug concentration. This was also 

demonstrated by the experimental results in Figure 9. The changes in area and 

deformation of LNCaP cells under different concentrations of enzalutamide after 24 h 

of culture were not as obvious as those under docetaxel, which demonstrated that the 

change of mechanical properties of cells by enzalutamide is a slow process, and it 

needs a longer incubation time to see a more obvious difference. Combined with the 

is viscoelastic line, and taking into account the trend of area and shape variables of 

PC-3 cells and LNCaP cells, the mechanical properties of prostate cancer cell line PC-

3 were not altered under the action of enzalutamide. With increasing enzalutamide 

concentration, the hardness of LNCaP cells increased at low drug concentrations (5 

nmol/L, 50 nmol/L) and gradually decreased at high drug concentrations (500 nmol/L, 

5000 nmol/L) as the cells adapted to the effects of the drug. This reflects the gradual 

conversion of androgen-sensitive prostate cancer LNCaP cells to androgen-

independent in order to adapt to the androgen-deficient environment under the effect 

of enzalutamide. Overall, the stiffness of PC-3 cells did not change under the effect of 

enzalutamide, while LNCaP hardened, successfully validating the efficacy of the 

cellular mechanical characterization-based assessment of drug efficacy. 

  
(a) (b) 

Figure 9. Comparison of 50% density contour lines between the two cells. (a) PC-3; 

(b) LNCaP. 

4. Conclusion 

In the article, drug cell pharmaceutical samples were produced, their mechanical 

properties were measured with the help of optical tweezers technology, and a cellular 

mechanical optimization model based on viscoelasticity three parameters was 

constructed. The mechanical properties of drug cell transport were investigated using 

experimental validation analysis. The average volume of normal drug cells in PBS was 

90 fL, which was within the normal value range of 86–100 fL. As the concentration 

of H2O2 solution increased, the average volume of drug cells decreased significantly, 

resulting in the elastic modulus of the drug cell membrane becoming larger with the 

increase in the degree of oxidative stress, the stiffness of the cell membrane becoming 

larger, and the deformation ability of the drug cell becoming poorer, which indicated 

that the mechanical properties of the drug measured in accordance with the above 

procedure were in line with reality. After optimization, the deformation of drug cells 

was all between 430 um and 690 um, which was smaller than that of drug cells under 
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constant velocity transport, indicating that the optimized velocity profile of 

viscoelasticity parameter was able to alleviate the mechanical damages produced by 

drug cells in the transport process. The trend of deformation variables, prostate cancer 

cell line PC-3 did not change the mechanical properties under the effect of drug. The 

hardness of LNCaP cells was positively correlated with low drug concentration (5 

nmol/L, 50 nmol/L), when in high drug concentration (500 nmol/L, 5000 nmol/L) on 

the contrary, it showed a negative correlation. This indicates that PC-3 cells did not 

show any changes under the effect of enzalutamide, while LNCaP was able to observe 

significant changes, which explains the mechanical properties of the drug 

intracellularly in a comprehensive manner. 

Optical tweezers technology is the intersection of two basic disciplines of physics 

and biology, which provides an excellent point for the combination of new 

experimental techniques and methods with major basic biological problems, and has 

played an important role in the research of several basic problems in life science. As 

a forward-looking basic research direction, it is also bound to produce a variety of 

practical technologies and methods, and will have a broad development prospect. As 

a nanodisplacement manipulation method and a probe of the small interaction force 

between particles (pN order), it is not only used in the field of life science, but also 

suitable for other research and application fields involving small particles.  

There are still some problems to be studied and improved in this paper. The next 

step is as follows: 

(1) The influence of the numerical aperture of the optical tweezers on the 

maximum transverse filtering force of the particles was theoretically analyzed. 

(2) Further develop the measurement system to make its operation simpler and 

the measurement results more accurate, and use this system to measure the surface 

charge of biological cells such as red blood cells. 
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