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Abstract

Contrary to the well-studied dynamics and mechanics at organ and tissue levels, there is still a lack 

of good understanding for single cell dynamics and mechanics. Single cell dynamics and 

mechanics may act as an interface to provide unique information reflecting activities at the organ 

and tissue levels. This research was aimed at quantifying doxorubicin- and dexrazoxane-induced 

nanomechanics and mechanical effects to single cardiomyocytes, to reveal the therapeutic 

effectiveness of drugs at the single cell level and to optimize drug administration for reducing 

cardiotoxicity. This work employed a nanoinstrumentation platform, including a digital 

holographic microscope combined with an atomic force microscope, which can characterize cell 

stiffness and beating dynamics in response to drug exposures in real time and obtain time-dose-

dependent effects of cardiotoxicity and protection. Through this research, an acute increase and a 

delayed decrease of surface beating force induced by doxorubicin was characterized. Dexrazoxane 

treated cells maintained better beating force and mechanical functions than cells without any 

treatment, which demonstrated cardioprotective effects of dexrazoxane. In addition, combined 

drug effects were quantitatively evaluated following various drug administration protocols. 

Preadministration of dexrazoxane was demonstrated to have protective effects against doxorubicin, 

which could lead to better strategies for cardiotoxicity prevention and anticancer drug 
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administration. This study concluded that quantification of nanomechanics and mechanical effects 

at the single cell level could offer unique insights of molecular mechanisms involved in cellular 

activities influencing organ and tissue level responses to drug exposure, providing a new 

opportunity for the development of effective and time-dose-dependent strategies of drug 

administration.

Abstract

INTRODUCTION

Cardiac diseases may be caused by chemical and physical or mechanical stresses to 

cardiomyocytes.1 Among the deleterious effects, the cardiotoxicity caused by anticancer 

drugs is a major concern.2,3 While much work has been conducted to analyze cardiac 

dynamics and mechanics at the organ and tissue levels, the mechanisms of cardiotoxicity are 

still under investigation because of the complexity of relevant factors involved at the 

macroscale.4,5 Consequently, there is a lack of an effective approach in current clinical 

practices to directly correlate drug effects with cellular functions and optimize drug 

administration through the minimization of cardiotoxicity.6–8 It remains a daunting 

challenge to understand the cellular mechanics associated with cell functions and clinical 

interests, such as optimal dosage and time-dependent administration of multiple drugs.5,9 

According to previous studies, single cell nano-mechanics and mechanical properties are 

necessary for revealing underlying mechanisms and drawing direct correlations with cellular 

functions to understand pathophysiology at the organ level.10–12 Nanoscale characterization 

is able to explore quantitative information on single cells and subcellular activities and 

uncover potential pathways directly related to diseases and treatment strategies.13–16 

Understanding dose and time-dependent effects of drugs is critical for improving drug 

administration, for maximizing therapeutic effects and mitigating potential side effects.17 

Drug-induced changes on nano-mechanics and mechanical properties of single 

cardiomyocytes may also provide direct evidence of these effects.18 An atomic force 

microscope (AFM) is capable of directly measuring both material and mechanical properties 

of single cells.19–21 However, the tip—surface interactions that occur during contact 

measurements could induce undesirable side effects to soft biological samples. Alternatively, 
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a digital holographic microscope (DHM) can be used to conduct noncontact and noninvasive 

three-dimensional (3D) characterization.22,23 Its applications at the single cell level have 

shown advantages for investigating cell dynamics and biological events.24–26 DHM provides 

quantitative phase data that can be used to reveal material and morphological information, 

which may not be obtained under conventional optical observations when detecting only the 

intensity component of light.27,28

Doxorubicin is an anthracycline anticancer drug with cardiotoxic side effects, which result 

in apoptosis of cardiomyocytes and cardiac injury.4,29,30 Most studies about the mechanisms 

involved in doxorubicin-induced cardiotoxicity have focused on the long-term (months to 

years) effects taking place at the organ level, which have not been shown very effective in 

revealing underlying mechanisms or developing optimal cardioprotective strategies.31,32 

Dexrazoxane is a cardioprotective agent with proven efficacy on preventing cardiotoxicity in 

cancer patients receiving anthracycline chemo-therapy. However, the exact mechanisms of 

its cardioprotective effects are still not fully investigated.33,34 Effective clinical usage and 

resulting evaluation of dexrazoxane during anthracycline administration are highly expected.
35 Time-dependent characterizations of cellular mechanics may provide a direct way to 

evaluate and understand drug-induced effects.36

This work presents a DHM/AFM integrated nanoinstrumentation platform and approach for 

single cell characterization, while maintaining precise control over the micro-environment. 

As shown in Figure 1, the platform includes a newly developed DHM to perform noncontact 

and real-time 3D nanoscale imaging. An AFM is used to apply and measure forces to/from 

single cardiomyocytes relating to the cell surface/membrane. Both contact and noncontact 

nanocharacterization have been performed along with direct comparisons made between 

samples. Comparing to studies with focus on one mechanical effect,36,37 this research 

integrated cell stiffness, beating pattern, and force to uncover the underlying nanomechanics 

of single cardiomyocytes. This complementary platform is able to provide robust and 

comprehensive data for quantifying single cell mechanics. The cardiomyocytes are placed in 

a closely controlled microfluidic chamber that can be transferred between the microscopes. 

Using this platform, a wide array of parameters of nanomechanics in response to the 

exposures of anticancer drugs has been obtained. We found that doxorubicin-induced 

cardiotoxicity included an acute increase, followed by a delayed decrease of surface beating 

force. Cardioprotective effects of dexrazoxane were evaluated in terms of mechanical 

function at the single cell level. Prevention of doxorubicin-induced cardiotoxicity was 

evaluated following various dexrazoxane administration strategies, which could help 

establish direct indications of drug effects, and eventually improve current cardiotoxicity 

prevention strategies. Preadministration of dexrazoxane mitigated the initial mechanical 

stress induced by doxorubicin and helped prevent acute cell damage. This study provides a 

promising way to reveal clinically relevant mechanical effects and evaluate the effects of 

various clinical treatment strategies.
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EXPERIMENTAL SECTION

Experimental Procedures.

Primary mouse cardiomyocytes were isolated from wild-type mice and used as samples in 

the experiments (detailed isolation procedures are described in the Supporting Information). 

The experiments were conducted in six groups. The control group is under normal culture 

condition without any drugs. The cases treated by one type of drug include the doxorubicin 

(Cayman Chemical Co.) treated group and the dexrazoxane (Sigma-Aldrich) treated group. 

Different administration protocols of two drugs include the administration of both drugs at 

the same time, the administration of doxorubicin 30 min before dexrazoxane, and the 

administration of dexrazoxane 30 min before doxorubicin. In each case, the concentrations 

of doxorubicin and dexrazoxane were 10 μM and 20 μM, respectively. The cardiomyocytes 

were continuously monitored by DHM or AFM for about 2 h. The temperature inside the 

fluidic chamber was maintained at 37 °C. Both the static (cell stiffness) and dynamic 

(surface beating force and beating duration) data were acquired every 10 min during each 

experiment for a total of 90 min.

A total of 24 mice were used to gather data. Four mice were used in each group. 

Experiments were performed by collecting beating dynamics using DHM and AFM while 

doxorubicin and dexrazoxane were exposed to the cells in vitro. Primary mouse 

cardiomyocytes were isolated from adult wild-type mice and immediately placed in the 

environmental chamber to maintain adult morphology and minimize the effects of long-term 

culture. Primary mouse cardiomyocytes are typically quiescent or can have unpredictable 

spontaneous activity. Due to the variability in the range of forces produced from cell to cell, 

and the inconsistencies in beating frequency, using an electrical stimulator to induce 

contractions was able to remove some of the inconsistencies by generating a much more 

stable response. Controlled stimulation also provides a stable beating pattern from the 

desired cells to facilitate the data acquisition, while the spontaneous beating is 

unpredictable. More details are described in Supporting Information Figure S1.

Because the real mechanical properties of individual cells are mainly influenced by the 

growth conditions of the mice, isolation techniques, and other random parameters, there are 

significant variations of mechanical properties between cells. To remove variations and 

allow comparisons to be made between cells, we developed a systematic approach to select 

cells and process data, which included the cardiomyocyte selection criteria, data acquisition, 

optimization, and analysis protocols.

Regarding cardiomyocyte selection, the investigation of whether size could be used to 

predict the relative beating force was first performed. Two spontaneously active cells, 

including a relatively smaller one and a larger one, were placed side by side in a Petri dish. 

Each cell was monitored using the AFM in order to compare the average beating force in 

response to variable loading conditions. The beating force was measured by AFM according 

different cell size and sarcomeric organization, to determine the proper cells used for 

acquiring data. More details are described in Supporting Information Figure S3.
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Surface beating data were collected as force versus time, with indentations being acquired at 

set intervals between beating data sets. Beating data were collected at 60 s dwell intervals, 

and the cantilever was retracted between every data set. Stimulation was turned off between 

every dwell in order to ensure a reproducible contact force on the cell surface. Time-course 

data were extracted from the “dwell” portion of dwell curves performed by AFM 

measurements. The optimization was performed using a multipeak analysis package in the 

Igor software (Igor Ver.6.34, WaveMetrics, Inc.). The last 30 peaks were much more stable. 

They are selected and fit individually to analyze the observed beating dynamics including 

the surface beating amplitude and duration full width at half-maximum (fwhm). More details 

are described in Supporting Information Figure S5. For DHM, the cell beatings were 

recorded and processed by Koala software (V4, Lyncee Tec), More details are described in 

Supporting Information Figure S4. The surface height changes of contractions were 

calculated as shown in Figure 2. Both DHM and AFM data were summarized, and then the 

statistical averaging was done on each data set.

The time for each experiment was approximately 2 h, and cells were only used within 6 h 

after isolation, as it has been shown that changes can begin to occur after this time period 

which alter the cardiomyocyte morphology and could obscure the resulting data. At least 10 

min of stable measurements were collected, and then drugs were added to the sample 

without altering the positioning of the AFM tip on the cell, or the cell position on DHM. 

Both control and drug treated samples were examined under identical settings and 

conditions for the same period of time, after which data were then combined and averaged 

for each group. Finally, the normalized data for each cell were used to generate relative 

values for all of the parameters measured.

Digital Holographic Microscopy Measurement.

In order to obtain the real-time cell morphological changes as well as to prevent the 

influences from AFM contact measurement on cell membrane, DHM (T1000, Lyncee Tec) 

was utilized as a noninvasive, noncontact, and real-time 3D measurement for single 

cardiomyocytes. DHM uses a CCD camera to record a hologram which is then transmitted 

to a computer in order to digitally reconstruct the image in 3D. Real-time cellular dynamics 

and time-course data can be recorded using this noninvasive technique of DHM. The 

hologram is formed by combining intensity and phase information. Cell 3D morphological 

data and intracellular refractive index are contained in the phase images.27 Based on the 

Koala software (V4, Lyncee Tec), real-time quantitative phase monitoring can be 

accomplished. The ability to monitor phase changes over time allows data to be extracted 

and analyzed. A data postprocess program was coded by MATLAB for calculating the 

maximum surface beating area (the contraction center) for each individual contraction. Two 

analysis approaches were utilized as shown in Figure 2.

First, 1D phase profile data across the maximum surface beating area were used to calculate 

the quantitative height change during the contraction. This provides the measurement of cell 

height information along the desired profiling line. However, it is hard to have a 

comprehensive description of the contraction center region, because the cell contraction 

center is not only a single point but a certain region with periodic activities. Second, a 2D 
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region of interest (ROI) covering the maximum surface beating area was defined in the phase 

image. In Koala software, the topographic information is obtained in a time-dependent 

manner, including the detail height distribution and mean value of the defined ROI. Both 1D 

and 2D height data indicate the cell surface beating amplitude and are correlated with the 

AFM measurement data. By monitoring phase changes of ROI in real-time, cell beating 

duration (fwhm) was also obtained by monitoring phase changes of ROI frame by frame, as 

shown in Supporting Information Figure S4.

Atomic Force Microscope Measurement.

In order to determine the cell stiffness for a given sample, a technique termed 

nanoindentation was performed on the cell’s surface, utilizing the AFM (MFP-3D SPM, 

Asylum Research). This technique produces force curves that can then be further analyzed 

using Hertz theory to calculate a measure of elasticity or stiffness for individual or 

aggregated cells.20 As the cantilever tip contacts the sample, the interaction between the two 

surfaces produces a force curve (force versus distance) from which the slope of this curve 

can then be used to quantify the stiffness of the sample.

Triggered force curves allow the user to define the maximum force with which to apply on 

the sample before the cantilever is retracted. This allows for more consistency when 

combining data from several samples and also minimizes the amount of damage to both the 

sample and the cantilever tip. By defining a trigger force of 1 nN, the AFM cantilever would 

then approach the surface at a given velocity over a predefined distance until contact is made 

and the deflection signal reaches a value equal to 1 nN of force. The tip geometry and its 

material properties are very important for accurately representing the interaction between the 

AFM cantilever and the cell’s surface. For the purposes of this work, a spherical tip (with 2 

μm in diameter) was used in order to remove some of the variability and difficulties in the 

calculation of cell stiffness, which comes from using more complex geometries. By using a 

spherical tip, this also ensures a more uniform and reproducible interaction without causing 

damage to the cell, which can sometimes be a problem when using a sharp tip on soft 

biological samples. Another important consideration is the stiffness of the cantilever relative 

to the sample. Using a softer cantilever provides more sensitivity over a lower range of 

expected force values (1–100 nN). This also minimizes the damage that might occur to the 

cell’s surface by using a relatively low spring constant cantilever (0.02–2 N/m).

Once the force curves were acquired, a built-in software package was used to extract the 

desired parameters of interest. Depending on the sample and the design of the experiment, 

the contact portion of the force curve can be fitted over a specific region of interest. The 

stiffness can therefore be determined over a confined range of either force or indentation 

depth. A range of force curves were performed in order to ensure that the correct force and 

indentation depth were being used to remove any unwanted influences from the underlying 

substrate. In order to acquire cardiomyocyte dynamics regarding beating capability (surface 

beating force) and the associated beating parameters (beating duration fwhm), a technique 

similar to that previously described was utilized. This technique was used on spontaneously 

or stimulated activated cardiomyocytes in order to generate a “dwell map”, showing spatial 
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variations in the acquired parameters. Measurements were taken from a single point on the 

cell’s surface (center of beating) and are referred to as a dwell curve.

Electrical Stimulation.

A Grass SD9 neurophysiological stimulator was used to generate short pulses while 

connected to platinum stimulation electrodes submerged within the environmental chamber 

housing the isolated cardiomyocytes. Depending on a combination of parameters from the 

experimental setup, which includes the stimulation frequency, voltage, pulse delay, and 

duration, the minimum threshold voltage and pulse duration was found to induce 

contractions while minimizing the effects and disturbances to the cells. The parameters were 

set to 1 Hz of stimulation frequency, 0.1 ms of pulse delay, and 5 ms of pulse duration. For 

different mice and cells, the excitation threshold voltage was different. In our experiments, 

10–30 V of voltage was used. Electrical stimulation was given to the cell once every 10 min 

during the whole experiment. Each of stimulations lasted 60 s to obtain the stable beating 

pattern.

Statistical Analysis.

All data were expressed as mean ± sem (standard error of the mean). Statistical analysis was 

used at each time point for comparison among different data sets. Prism 6 (GraphPad) 

software was used for statistical analyses to determine the statistical significance between 

samples at each time point. For comparison between two groups which had unequal 

population variances, an unpaired two-tail Student’s t test with Welch’s correction was 

performed. For other comparison among two or more treatment groups, one-way ANOVA 

followed by Tukey’s posttest was performed.

RESULTS AND DISCUSSION

Quantifying Nanomechanics and Mechanical Effects of Single Cardiomyocytes.

Figure 2 shows a typical setup for characterizing contraction dynamics of single 

cardiomyocytes using DHM. Stimulated contractions are recorded as time-course data. The 

phase information can be used to calculate cell thickness. The contractions act in short time, 

and the reflective index of the cell is considered without significant changes during such 

short time. The phase difference is linearly correlated with cell thickness. Therefore, phase 

images can be used to calculate the height change during each contraction, which indicates 

the cell’s surface beating amplitude, and to be correlated with the AFM data. Figure 2a 

shows the phase images of single cell contraction, including a relaxed status and the 

maximum contracted time status. By comparing the two images, the maximum surface 

beating area representing the contract center was calculated and visualized as shown in 

Figure 2b. A ROI covering this area and reflecting the most significant surface change was 

defined, as shown in Figure 2a. As a 1D characterization approach, a profile line across the 

ROI can be further defined, and the quantitative height profiling has been shown in Figure 

2d. The height change Δh is then used to represent the surface beating amplitude. In addition 

to phase changes over the defined line from within the ROI, information was obtained in a 

time-dependent manner over the entire area defined within the ROI. As shown in Figure 2e, 

representative time-course data can be obtained to calculate the surface changes during each 
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contraction cycle. Two-dimensional ROI characterization for the maximum surface beating 

area can be more useful than the localized AFM probing for the beating dynamics. By 

monitoring the phase changes of the ROI in real time, cell beating duration, which is called 

fwhm, can be obtained, as shown in Supporting Information Figure S4.

Figure 3 shows a typical setup for AFM characterization of single cardiomyocytes. The data 

set obtained includes cell stiffness, surface beating amplitude/force ,and fwhm. Figure 3a 

shows the measurement point of an AFM cantilever on a cell body. The center of contraction 

was defined as the largest contraction force value measured over the surface of the cell. 

Based on the initial force curve when contacting the cell, the cell stiffness was characterized, 

and a representative data set is shown in Figure 3b. The cantilever approached and then 

deformed the cell membrane. As the cantilever position lowered, the indentation force 

increased. As shown in Figure 3c, an initial decay can be seen upon the initiating 

stimulation, and then the beating level decreased to a stable value after about 30 s. The last 

30 peaks are more stable than the initial 30 peaks. These last 30 peaks are selected and fitted 

to evaluate the beating capability and pattern of individual cells.

Time-dependent nanomechanics obtained by our platform can be used to reveal cellular 

functions and conditions and establish a bottom up model to correlate activities at the tissue 

and organ levels. In response to drug exposures and environmental changes, the mechanical 

properties of single cells are supposed to change.38 A force measurement platform was 

presented to characterize the contractility of single cardiomyocytes.39 However, the platform 

lacks direct cell stiffness measurement that is very important for understanding 

nanomechanics of single cells. The change of cell stiffness may indicate the changes of 

protein and lipid orientations within and/or underneath the plasma membrane.40,41 This 

change reflects the effects of drug treatments, physical wounding, and changes of the 

microenvironment. Stiffness can also be used to derive various cell states or conditions,15,42 

while cell beating force can directly reflect the performance capabilities of cardiomyocytes 

as they relate to cardiac performance in response to drug administration.43

As described in Supporting Information Figure S1, the stimulation is indispensable for 

obtaining a stable beating pattern. We first characterized the time-course changes of cell 

stiffness, beating force, and fwhm during 90 min experiments without any drug treatment to 

evaluate the effects of electric stimulation. Results are shown in Supporting Information 

Figure S2. These data then served as a baseline condition for comparing with the drug 

treated groups.

Doxorubicin-Induced Cardiotoxicity and Dexrazoxane-Mediated Cardioprotective Effects.

Figure 4a shows the stiffness versus time data, one of the properties relating to cellular 

nanomechanics having a response to single drug treatment. The relative stiffness for the 

cardiomyocytes treated with doxorubicin showed an initial increase of about 25% over the 

first 50 min of exposure, matching control samples. The relative stiffness for these cells then 

dropped back to a stable value close to its initial range for the remainder of their exposure. 

However, control samples maintained a relatively steady average increase over time, peaking 

at about 40% higher than initial values when measurements were stopped at 90 min. This 

demonstrates the possibility of a threshold effect induced by doxorubicin regarding cell 
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stiffness after about 60 min of exposure. The relative stiffness of samples treated with 

dexrazoxane decreased less than 10% at about 40 min, then followed a similar trend as the 

control samples, having a gradual increase. Relatively speaking, the dexrazoxane treated 

cells had only slightly lower values throughout their 90 min of exposure, indicating that 

dexrazoxane might not have any significant effects on cell stiffness.

Figure 4b shows the fwhm versus time data. Control samples had a relatively stable fwhm 

with a slight fluctuation occurring between 70 and 80 min but were able to maintain values 

similar to those of the initial measurements by the end of the experiment. After about 20 

min, the fwhm of doxorubicin treated samples increased gradually and finally reached values 

15% higher than the control, which indicated a longer beating duration. fwhm of 

dexrazoxane treated samples decreased about 10% in the first 10 min and then maintained a 

significantly lower level than the control, with a gradual increase after 70 min.

The surface beating force versus time data are shown in Figure 4c. After doxorubicin 

treatment, the relative beating force had an acute increase of about 20% after 20 min of 

exposure, followed by an eventual decrease to about 40% of the initial values. Control 

samples maintained a relatively slower rate of decline throughout the course of the 

experiment. Eventually, the doxorubicin treated group exhibited significantly lower forces 

than control samples. The force of dexrazoxane treated cardiomyocytes maintained a 

relatively stable level compared with initial values and remained at a higher value than the 

control cells after 90 min, demonstrating the possible cardioprotective effects of 

dexrazoxane in cardiomyocytes.

Based on the aforementioned single drug-induced effects, there is a time-dependent 

correlation between the drug effects and the measured mechanical properties of single cells, 

leading to a better understanding of the ways in which single cell mechanics can be 

associated with important cellular functions of clinical interest. Biochemical assays to study 

cardiomyocyte contraction have been established through investigating Ca2+ ion changes.
44,45 However, the contractility is derived through its correlation with ion concentrations, 

which has that limited accuracy. On the contrary, our platform provides direct information 

about the force and stiffness changes during the drug treatment, which mitigates the 

influence from irrelevant metabolism products or other environmental ion changes, and 

provides more accurate information.

In the doxorubicin treated group, the initial acute increase in the force response of 

cardiomyocytes was thought to be associated with doxorubicin exposure. The acute increase 

in beating force, however, might be caused by the mechanical stress induced from 

doxorubicin, which in turn has been shown to compromise cellular functions and result in 

apoptosis.46 These findings were obtained based on our real-time single cell nanomechanics 

monitoring, which was more advanced than previous research studies which could not 

confirm whether an increase or no change in contractility occurs in response to doxorubicin.
47 Interestingly, prolonged treatment with doxorubicin resulted in decreasing surface beating 

force and lower stiffness in comparison with control, which might explain the long-term 

pathological damage seen in vivo in both animal studies and human patients. We believe that 

the time-dependent response of cardiomyocytes might correlate with the intramyocardial 
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metabolism of doxorubicin to doxorubicinol as well as the long-term effects seen in patients 

receiving treatment.48 Thus, the stiffness decrease might be related with the damage caused 

by doxorubicin. The long-term response could also point toward the increased accumulation 

and production of the major metabolite doxorubicinol within the cell. The time delay 

decrease might show the metabolism process of doxorubicin and potential thresholds for 

indicating cardiotoxicity.

Furthermore, the electric stimulation might cause the cell function deterioration during 90 

min experiments as observed in the control group. This might be the result of a gradual 

increase of calcium ions over time due to potential electro-poration or damage to the cell 

membrane. Interestingly, dexrazoxane treatment maintained the cell beating force level 

throughout the whole experimental period. One explanation might be that dexrazoxane 

diffuses into cells and hydrolyses to an EDTA-like diacid-diamide, and chelates ions and 

inhibits the formation of superoxide radicals within the environment, which may directly 

affect cellular mechanical properties.8

Dexrazoxane and Doxorubicin Combined Effects: Optimize Drug Administration Strategy.

The combined effects of doxorubicin and dexrazoxane under different administration 

protocols were evaluated. These protocols included the following: administration of both 

drugs at the same time, 30 min earlier of doxorubicin administration than dexrazoxane, and 

30 min earlier of dexrazoxane administration than doxorubicin, which are abbreviated as 

“same time”, “Dox2013Dex”, and “Dex–Dox”, respectively, in the following content and 

figures.

Figure 5a shows the time-course data for cell stiffness of all groups. In the same time group, 

the relative stiffness decreased about 15% in 20 min and then showed a gradual increase 

back to a similar level when compared with control samples. In the Dox–Dex group, after 

dexrazoxane was introduced, the relative stiffness decreased 20% within 10 min and then 

quickly increased, reaching values similar to control samples. Finally, in the Dex–Dox 

group, after doxorubicin was introduced, the relative stiffness for treated samples decreased 

about 15% and then remained relatively stable for the remainder of the experiment, having a 

much lower value compared to the other groups.

The fwhm versus time data of all groups are shown in Figure 5b. In the same time group, the 

fwhm dropped over the first 50 min and then increased quickly, finally reaching about 20% 

higher than control. In the Dox–Dex group, the fwhm maintained a stable level in the first 60 

min and then had an acute increase about 25% until the end of the experiments. With respect 

to the Dex–Dox group, it had a significantly lower fwhm than the other drug treated groups 

after 50 min, with a gradual increase after 70 min. Eventually it reached almost the same 

value of control. From the stiffness and fwhm data, the Dex–Dox group shows a significant 

difference after about 50–60 min in comparison with other groups, which showed the 

existing cellular mechanical properties difference.

Figure 5c shows the beating force data of all groups. In the same time group, the 

administration of dexrazoxane mitigated the acute increase of the beating force in the first 20 

min. However, it was followed by a constant decrease and the final value of force was about 
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60% of the original level. Consequently, the acute damage was not prevented by this drug 

administration approach.

In the Dox–Dex group, the drug treated samples had a 20% acute increase after 20 min; 

however, a higher beating force was sustained until 50 min after drug exposure, much longer 

than the doxorubicin treated group (30 min). This showed that the acute damage caused by 

the mechanical stress induced after doxorubicin exposure had longer lasting effects, which 

were more harmful to the cells. This resulted in the quick decline of beating force after 60 

min and resulting lower level after 90 min. This showed that the acute damage might be 

irreversible and could not be fully repaired through delayed dexrazoxane administration, 

which also indicated that this damage might permanently influence the mechanical 

properties of these cells.

With respect to the Dex–Dox group, the administration of doxorubicin after 30 min still 

caused a force increase less than 10%, lower than previous cases. Then the force maintained 

a relatively stable value. After 90 min, the treated samples still remained 10% higher than 

other groups. It demonstrated that the acute damage was mitigated by the preadministrated 

dexrazoxane.

Based on the aforementioned drug-combined effects, we found different levels and periods 

of beating force peak according to different drug administration strategies. We correlated the 

changes of single cell mechanics and mechanical properties with different drug 

administration protocols and demonstrated the possibility to optimize the clinical drug 

administration strategies. The earlier dexrazoxane administration had the shortest and lowest 

peak period compared with the other two groups. It showed that the preadministration of 

dexrazoxane might prevent the doxorubicin’s acute stress response. The other two 

administration approaches of dexrazoxane did not show significant cardioprotective effects 

in terms of beating force level. These results suggested that administration sequence should 

be considered as one of the important factors in clinical usage.7,17,49,50

All dexrazoxane-combined cases had a higher force level after 90 min compared with the 

doxorubicin-only treated group. This showed that dexrazoxane treated cells maintained 

better beating capabilities, both in terms of beating force and duration. These effects may 

demonstrate the iron-chelating function of dexrazoxane through its rapid metabolism, which 

prevents oxidative stress, mitigates the induced toxicity, and further protects the cells.50,51 

The force level difference can be used as an indicator to improve drug administration 

strategies in cancer treatments, including the clinical dosage and drug administration 

sequences.

Additionally, DHM has the potential to provide further insights for single cells beyond the 

current properties and applications illustrated in this study. The refractive index of cells 

obtained through phase data collection is related with intracellular molecular concentrations 

and other values of interest.52 Further applications may include the analysis of biological 

events such as cell division and cell death characterization, and their correlations with cell 

3D morphological information.24,26
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CONCLUSIONS

The integrated DHM/AFM nanoinstrumentation platform was demonstrated to be capable of 

quantitatively characterizing the mechanobiological properties of single cardiomyocytes in 

response to the exposures of doxorubicin and dexrazoxane. At the single cell level, we 

explored the mechanisms of doxorubicin-induced cardiotoxicity and dexrazoxane-mediated 

cardioprotective effects. The acute increase of surface beating force induced by doxorubicin 

was newly quantified. This initial increase revealed the damage caused by the mechanical 

stress induced by the drug, and the time-delayed decrease showed that the toxicity 

originating from the accumulation of resulting metabolites came at a later stage. Cells 

maintained beating force levels and mechanical functions with dexrazoxane treatment. At 

the single cell level, preadministration of dexrazoxane was found to have better 

cardioprotective effects, which could contribute to the improvement of cardiotoxicity 

prevention and anticancer drug administration protocols. Beyond the aforementioned 

experiments, this approach also demonstrates the high level of flexibility provided by using 

various drug types, administration timing, and dosage. This will contribute to the 

development of more effective treatment strategies for various treatments and will help in 

understanding the therapeutic effectiveness of drugs.
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Figure 1. 
Combined DHM (digital holographic microscope), AFM (atomic force microscope), and 

LSCM (laser scanning confocal microscope) nanoinstrumentation platform embedded with a 

microfluidic chamber for probing mechanics and mechanical properties of single 

cardiomyocytes in response to drug exposures. (a) Schematic drawing of the microfluidic 

chamber used to control the microenvironment during characterization. (b) DHM integrating 

with the microfluidic chamber. (c) Integrated AFM and LSCM where the microfluidic 

chamber sits between the two instruments. (d) Schematic drawing of AFM contact 

characterization on a single cell by a sphere tip cantilever. (e) Schematic drawing of DHM 

noncontact measurement principle. Quantitative phase images are obtained by comparing 

the transmitted phase with the original phase.
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Figure 2. 
DHM measurement of cell surface height changes during each contraction based on 

quantitative phase images in real time. (a) 2D phase images of a cardiomyocyte under 

relaxed and contracted statuses. Color indicates the phase differences and here can be 

considered as the cell thickness. Two profile lines are marked. (b) Maximum surface beating 

area used to define the region of interest (ROI). (c) 3D phase image which shows clear cell 

morphological information. (d) Phase profile data of the profile lines in panel a, which can 

be used to calculate the height change Δh during the contraction. (e) Representative time-

course data of the ROI marked in panel a to calculate the surface changes, including the 

maximum and minimum height points in a 2D region, cover the area around the contraction 

center.
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Figure 3. 
AFM measurement using optimized protocol. (a) AFM cantilever alignment and positioning 

on the center of beating. (b) Cell stiffness data collected from the initial contact (approach) 

portion of the dwell curve. (c) Full dwell curve demonstrating where cell stiffness and 

beating dynamics (surface beating force and beating duration fwhm) were extracted.
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Figure 4. 
Single drug-induced effects. All data are presented as the mean ± sem. Sample number n = 

12. NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. (a) Stiffness versus time. 

The control group had a gradually increased stiffness while the doxorubicin treated ones had 

a lower value. The dexrazoxane treated ones had a small decrease at about 40 min and then 

showed almost the same changing trend as the control, with slightly lower value. 

Comparison between the control and doxorubicin treated groups from 50 to 90 min was 

performed. (b) fwhm versus time. Control samples had a relatively stable of fwhm with 
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small vibration during 70–80 min fwhm of doxorubicin treated samples increased gradually 

after about 30 min and finally reached to 15% higher than the control. fwhm of dexrazoxane 

treated samples decreased in the first 10 min and then maintained a significantly lower level 

than the control. Comparison between the control and doxorubicin treated groups from 60 to 

90 min was performed. Additionally, between the control and dexrazoxane treated groups, 

significant difference was shown from 30 to 80 min (P < 0.05). (c) Surface beating force 

versus time. Doxorubicin treated cells had a beating peak up to 120% of the original level, 

lasting for 30 min, and a faster force decrease after 70 min. Dexrazoxane treated samples 

showed better beating capability and longer activities than control and doxorubicin treated 

cells. Comparison between the control and doxorubicin treated groups from 10 to 90 min 

was performed. Additionally, between the control and dexrazoxane treated groups, 

significant difference was shown from 30 to 90 min (P < 0.01).
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Figure 5. 
Drug-combined effects. All data are presented as the mean ± sem. Sample number n = 12. 

NS, not significant; *, P < 0.05; **, P < 0.01. (a) Stiffness versus time. “Dex–Dox” group 

had a significantly lower value in comparison with other groups. Comparison between 

“Dox–Dex” and “Dex–Dox” groups from 60 to 90 min was performed. Additionally, Dex–

Dox group had significant difference from 60 to 90 min (P < 0.01) in comparison with the 

control and “same time” groups. (b) fwhm versus time. After 50 min, the preadministration 

of the dexrazoxane group had a lower fwhm than other drug treated groups. It increased after 
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70 min and reached almost the same value as the control at the end of the experiments. 

Comparison between Dex–Dox and same time groups from 50 to 90 min was performed. 

Additionally, the Dex–Dox group had a significant difference from 40 to 90 min (P < 0.01) 

in comparison with the Dox–Dex group. (c) Force versus time. The preadministration of 

dexrazoxane group had the highest value of beating force at the end of the experiments. 

Comparison between Dox–Dex and Dex–Dox groups from 70 to 90 min was performed. 

Additionally, the Dex–Dox group had a significant difference from 70 to 90 min (P < 0.05) 

in comparison with control and same time groups.
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