
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14656  | https://doi.org/10.1038/s41598-023-41663-8

www.nature.com/scientificreports

Photoacoustic based 
evaluation of viscoelastic 
properties of Gram‑negative 
and Gram‑positive bacterial 
colonies
Zahra Hosseindokht 1, Mohammadreza Kolahdouz 1*, Bahareh Hajikhani 2 & 
Pezhman Sasanpour 3*

Mechanical properties of bacterial colonies are crucial considering both addressing their pathogenic 
effects and exploring their potential applications. Viscoelasticity is a key mechanical property with 
major impacts on the cell shapes and functions, which reflects the information about the cell envelope 
constituents. Hereby, we have proposed the application of photoacoustic viscoelasticity (PAVE) for 
studying the rheological properties of bacterial colonies. In this regard, we employed an intensity‑
modulated laser beam as the excitation source followed by the phase delay measurement between 
the generated PA signal and the reference for the characterization of colonies of two different 
types of Gram‑positive and Gram‑negative bacteria. The results of our study show that the colony 
of Staphylococcus aureus as Gram‑positive bacteria has a significantly higher viscoelasticity ratio 
compared to that value for Acinetobacter baumannii as Gram‑negative bacteria (77% difference). This 
may be due to the differing cell envelope structure between the two species, but we cannot rule out 
effects of biofilm formation in the colonies. Furthermore, a lumped model has been provided for the 
mechanical properties of bacterial colonies.

Cell mechanical properties play crucial roles in various cell functions, including cell growth and  division1,2. Vis-
coelasticity as an important mechanical specification of the cells can be considered as a parameter for monitoring 
physiological function, pathological state, and disease  diagnosis3,4. Biological cells consist of some constituents 
with different mechanical roles, for example, the cytoskeleton is relatively rigid, while the cell membrane can be 
assumed as a viscoelastic  component5,6.

The cell envelope, which incorporates a range of biological molecules not only must be rigid to maintain 
positive turgor pressure and the shape of the cell but also must be flexible to allow the transport of nutrients 
and waste into and out of the cell and the growth and division of the  cell7. Bacteria are ubiquitous single-celled 
microorganisms with no nucleus membrane that are responsible for the decomposition and rearrangement of 
materials in the biological world. They have been known as simple organisms while possessing complex cell 
envelopes, making them survive in an unpredictable and hostile  environment8–10. Generally, bacteria can be clas-
sified into two groups Gram-positive and Gram-negative according to their envelope structural organization. The 
envelope of Gram-negative cells is composed of two lipid bilayers separated by periplasm, which contains a thin 
peptidoglycan layer with 3–8 nm thickness, while the Gram-positive envelope consists of a thick peptidoglycan 
layer with 20–80 nm thickness, the periplasm, and a plasma  membrane10–12.

There are different techniques to measure the viscoelasticity of the cells. Tweezing methods in which shear 
stresses or pressure gradients are applied in suspension and the cell deformation is measured. The tweezers can 
be categorized as optical  tweezers13–16, acoustic  tweezers17, magnetic  tweezers18,19, micropipette  aspiration20,21 and 
deformability  cytometry22–24. These approaches mainly suffer from being invasive and are subjected to non-linear 
 effects13,25. Another technique for measuring the viscoelasticity of a cell is based on atomic force microscopy 
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(AFM) in which cell indentation or height can be measured by applying external  force5,26–30. By the way, there 
is a possibility of inducing certain damage by mechanical loading. Furthermore, the difficulties in technical 
implementation limit its application.

The photoacoustic (PA) technique as a hybrid fast-growing imaging technology, which provides high-reso-
lution sensing of optical contrast beyond the optical transport mean free path, has a wide range of applications 
including diagnosis of  disease31–34 and monitoring of pathophysiological states at different  levels35–38, image-
guided drug  delivery39–43 and preclinical  diagnosis44–49. In recent years, there have been various modalities 
developed for PA imaging systems including PA microscopy (PAM)29,50–53, PA tomography (PAT)54–57 and PA 
endoscopy (PAE)58–62. Although conventional PA systems were designed to measure optical absorption, mechani-
cal properties such as viscoelasticity can be extracted by PA viscoelasticity (PAVE) as  well63. In this regard, the 
phase delay between the excited light and generated PA signal could be measured for the calculation of the 
viscosity-elasticity ratio of the sample in PAVE. PAVE has various advantages compared to conventional methods 
such as being noninvasive, low cost and needless to extrinsic mechanical loading. PAVE has been utilized for 
tumor  detection63, assessment of arterial  plaque64, cirrhosis  detection65, identification of esophageal  disease66 
and acute hepatitis  detection67. Although there are various methods for measuring viscoelasticity such as AFM, 
tweezers, and other mentioned techniques and each one has its own advantages, considering the required length 
scale for bacterial colonies, PAVE is the best method not only due to being low-cost and non-destructive but 
also because of the capability of providing depth resolution, non-operator dependency, linearity and minimum 
sample preparation requirement.

In the present study, we have employed a PAVE system for the investigation of the viscoelasticity of bacteria 
in the colony scale. In this regard, the analysis has been performed on the Acinetobacter baumannii colony as a 
Gram-negative bacteria and the Staphylococcus aureus colony as a Gram-positive bacteria. The system capability 
and accuracy have been verified by gelatin phantoms. In addition, a mechanical model has been suggested for 
colonies of bacteria based on the Kelvin-Voigt model.

Results
PAVE of gelatin phantoms. Gelatin samples with 100 g/L and 200 g/L concentrations were prepared and 
the phase delay of the generated PA signals after laser irradiation was calculated. Figure 1a shows the scatter plot 
of the measured phase delay at different spots of the sample. As expected, the phase delay of the sample with a 
higher density is lower compared to the sample with less gelatin concentration. In order to show that mechanical 
properties are mostly reflected in the phase delay (not the PA amplitude), measured values of signal amplitude 
and phase delay of gelatine samples are shown in Fig. 1b. By doubling the concentration of sample, PA amplitude 
changed only 2.3 mV (from 17.7 mV for the sample with 100 g/L concentration to 15.4 mV for the gelatine 
sample with 200 g/L concentration). However, the phase delay had a substantial reduction from 55.93° to 43.15° 
by doubling the sample density.

PAVE of biological tissues. To verify the system capability, the averages of measured values of PA phase 
delay of the liver, fat and muscle of chicken are represented in Fig. 2. This graph shows the scatter plot of the 
phase delay at different spots of each sample. It can be seen that chicken tissues can be distinguished completely 
based on the phase delay of PA signals. It is good to be noted that muscle has the highest stiffness among these 
tissues and fat is stiffer compared to the liver.

PAVE of bacterial colonies. Two sets of cultured bacteria each of which included Acinetobacter bauman-
nii and Staphylococcus aureus were prepared and cut along, and then the samples were put on top of the trans-
ducer, which was covered by a thin layer of ultrasound gel as the coupling media. To minimize the effect of 
culture thickness on the PA phase delay of the bacteria, the phase delay difference between each colony and 
surrounded culture was measured and the average values are shown in Fig. 3a. According to this bar chart, it 

Figure 1.  (a) Scatter plot of PA phase delay. (b) PA amplitude and phase delay of gelatin samples.



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14656  | https://doi.org/10.1038/s41598-023-41663-8

www.nature.com/scientificreports/

is obvious that PA amplitude cannot be used for differentiating these two bacteria. On the contrary, the vis-
coelasticity ratio of Staphylococcus aureus as a Gram-positive bacteria is 1.77 times the value of Acinetobacter 
baumannii as a Gram-negative bacteria (22.55° phase delay for Staphylococcus aureus and 12.72° phase delay 
for Acinetobacter baumannii). Figure 3b depicts the sine waves of excitation signal as well as the generated PA 
signals for each bacteria of the second set.

Discussion
System performance verification. Gelatin phantoms and chicken tissues were utilized as the samples 
to verify the system capabilities by comparing the results provided in the literature. Zhao et al. showed that for 
gelatin samples with 4% and 7% concentrations, the PA phase delay changed by approximately 22.5%63. Based 
on the results of our experiments, the viscoelasticity ratio of 100 g/L gelatin concentration was changed by 22.8% 
for the sample with 200 g/L concentration, which is in good correspondence with the previous  results63. Gao 
et al. used the liver, fat and muscle of a pig to demonstrate their system output and compared the PA phase delay 
with rheometer  results68. They found that liver tissue has the highest viscoelasticity followed by fat and muscle 
respectively with roughly a 23% variation in the PA phase delay. As represented in Fig. 4, the viscoelasticity ratio 
of the liver, fat and muscle of a chicken has a similar trend. In addition, muscle tissue had 20% less phase delay 
compared to liver tissue. The slight difference between our results and the results provided by Gao et al. could be 
related to the difference between the tissue constituents of pig and chicken and the sample preparation method.

PA viscoelasticity measurement of bacteria. There are several factors contributing to the viscoelastic-
ity properties of the bacteria including growth conditions as well as specific bacteria properties. As the samples 
were prepared under controlled conditions with no particular treatments, the growth-related properties were 
consistent, and the observed differences in viscoelasticity can be attributed solely to the inherent properties of 
the bacteria themselves. Although the bacterial properties influencing viscoelasticity can be broadly divided 

Figure 2.  Scatter plot of PA phase delay of chicken tissues.

Figure 3.  (a) Bar chart of PA signals of bacteria. (b) Sine wave representation of the PA signal of the second set.
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into cell envelope structure and biofilm formation, it is not possible to dismiss the potential biofilm formation. 
Therefore, the different viscoelastic properties could be due to the type of bacteria or the amount of extracellular 
polymeric substances produced by bacteria. The primary reason for the difference in viscoelasticity between Aci-
netobacter baumannii and Staphylococcus aureus is likely the dissimilarities in their cell envelope structures. Pre-
vious researches have shown that the cell envelope exhibits similar viscoelastic properties on both the nanoscale 
and microscopic scale, as measured by  AFM28,30. Therefore, it is reasonable to expect that these differences in 
cell envelope structure would also influence the viscoelastic behavior of bacterial colonies, consistent with the 
behavior observed at the single-cell level. Although the most common mechanical property of the bacteria cells 
which was reported previously is the equivalent elastic spring constant, Vadillo-Rodriguez et al. investigated the 
local viscoelastic properties of Gram-positive (Bacillus subtilis) and Gram-negative (Escherichia coli) bacteria 
cells by exploiting AFM (which heavily relies on the operator expertise and is not easily scalable) and creep 
 response30. They have modelled viscoelasticity with a standard solid model, which describes this mechanical 
property as an instantaneous elastic response followed by a delayed elastic response, which can be represented as 
the KV model. Based on their findings, the delayed elastic response of each cell is related to the liquid-like nature 
of the membrane bilayer having viscose properties. Due to the structural difference between the Gram-positive 
and Gram-negative bacteria, it is expected that Gram-positive bacteria with only one bilayer membrane buried 
below a thick peptidoglycan layer have considerably higher viscosity compared to the Gram-negative bacteria 
composed of two membrane bilayers and a thin peptidoglycan layer. They quantified the characteristic response 
time as the viscosity-to-elasticity ratio for both bacteria types and demonstrated a higher viscoelasticity ratio 
for Gram-positive bacteria. In our system, we modeled the viscoelasticity of each cell with the KV model and 
found a similar trend to the described  study30. As the size of the laser beam is smaller than a single colony with 
uniform irradiation, and considering the laser focal length, there is a multi-layered structure of the cells whose 
mechanical response is measured at each point. In our proposed model, each layer of the cells located in the x–z 
plane is introduced with one dimension (symmetry assumption) and a number of these layers are stacked over 
each other on the y-axis. As a result, the mechanical model for the cells in the x-axis is a series connection of the 
KV models and the equivalent model of the stacked layers is a parallel combination of the KV models. The final 
model for the bacterial colony is illustrated in Fig. 4a assuming n and m as the number of cells in the x and y axis 
respectively. By converting the mechanical components into the analogous electrical elements (capacitance value 
is the inverse of spring constant and resistance is equal to the damping coefficient), the equivalent circuit for the 

Figure 4.  (a) Equivalent mechanical system. (b) Equivalent electrical circuit. (c) Final electrical model. (d) 
Final mechanical model.
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mentioned structure can be depicted as Fig. 4b. By calculating the final values of capacitor and resistor, the spring 
constant and damping coefficient for a bacterial colony will be determined ( Ef = mE/n, ηf = mη/n ). Since the 
viscoelasticity ratio of the final mechanical model is the same as the value for a single cell, we can expect similar 
behaviour in the colony scale compared to the single-cell viscoelasticity.

As the samples for this study are the colonies of bacteria located on top of the cultured media, we need to 
focus the laser on the sample surface to get only the information of the colonies, so the distance between the 
laser and the sample should be kept constant for all the measurements. Furthermore, in order to improve the 
system performance and make it insensitive to the thickness of the cultured media, it is better to use hollow 
shape ultrasound transducer in a reflection mode system in future.

Methods
Principle of PAVE. The principle of photoacoustic viscoelasticity is demonstrated in Fig. 5a. The sample is 
irradiated with an amplitude-modulated laser beam. The light intensity ( I ) is represented in Eq. (1).

where I0 is time-averaged light intensity, and ω is the modulation frequency. Light absorption by the sample leads 
to the temperature fluctuation in the periodic form of T = T0e

iωt which induces thermal stress due to the thermal 
expansion. The cyclic thermal stress causes the sinusoidal strain generation in the form of force-produced PA 
waves with the same frequency of the excitation but with a phase lag owing to the viscoelastic damping effect of 
the sample. According to the rheological Kelvin-Voigt model (depicted in Fig. 5b), the relation between stress, σ 
and strain, ε can be expressed by Eq. (2)69.

where E is Young’s modulus and η is the coefficient of viscosity. The Fourier transform of Eq. (2) can be written 
as Eq. (3) by the periodic assumption of stress and strain.

The phase lag, δ between the PA signal (strain) and laser excitation (stress) can be calculated by Eq. (4).

As can be seen in Eq. (4), there is a direct relation between the phase delay and the viscoelasticity ratio of 
the sample.

Experimental setup. A schematic diagram of the transmission mode PAVE system is illustrated in Fig. 6. 
A customized fibre-coupled CW laser (AKHX248081000D-AL01A, Zhuhai Aike Photonics Technology Ltd) 
with 808 nm wavelength and maximum output power of 1 W was used as the excitation source. The laser beam 
was modulated sinusoidally with the frequency of 50 kHz by the laser driver and focused by an adjustable lens 
on the sample (the diameter of the laser spot was 0.8 mm meaning that the laser fluence was well within the 
ANSI limit). An ultrasonic transducer (DYW-50 kHz, Dayu Electric) with a center frequency and diameter of 
50 kHz and 63 mm collected the produced PAVE signal. The signal was then fed into a homemade preamplifier 
and a homemade two-channel lock-in amplifier to calculate both the amplitude ratio and phase lag between the 
excitation source and the detected signal. The measured phase delay consists of the system phase delay (due to 
the electronic system), relaxation time for non-radiative transition and the viscoelasticity-related phase delay. As 
the operating frequency of system is fixed (50 kHz), the phase delay of the electronic system is fixed during the 
measurement. The order of time delay for non-radiative transition is about 10−11s which can be ignored compar-
ing with the modulation frequency 50 kHz (T = 20 µs). Therefore, the measured phase delay can be regarded for 
comparing the viscoelasticity of the  samples68. Finally, the signal was digitized by a DAQ card (USB-4716 Advan-
tech) and imported into the computer. The software link with the board and further processing were performed 
using the MATLAB platform. Compared to the previously reported systems for PAVE, the major difference is 
the method of modulation of the excitation laser. We have employed electronic laser beam modulation which 

(1)I = (1/2)I0(1+ cosωt),

(2)σ(t) = Eε(t)+ ηε̇(t),

(3)σ(ω) = Eε(ω)+ iωηEε(ω).

(4)δ = arctan(ηω/E).

Figure 5.  (a) PAVE principle. (b) Kelvin–Voigt model.
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provides higher speed modulation, flexible modulation formats, wider bandwidths, compactness and reliability 
in comparison to the electro-optic modulators (used in previous methods).

Phantom and bacterial samples preparation. 

• Gelatin and chicken samples

To mimic the mechanical properties of biological samples and verify the system capability, gelatin phantoms 
were prepared by controlling the gelatin-water mixture. Gelatin-water mixtures with the concentration of 100 
and 200 g/L were heated in a water bath to melt the mixture and then, poured into the molds. Moreover, chicken’s 
muscle, fat and liver have been chosen to evaluate the system performance and compare the results with previ-
ously reported values in the literature.

• Bacterial strains and growth conditions

Staphylococcus aureus ATCC 12600 and Acinetobacter baumannii ATCC BAA-747 were provided by the 
microbiology department of Shahid Beheshti University of Medical Sciences. The bacteria samples had been kept 
at – 70 °C in Tryptic Soy Broth (TSB) culture medium with glycerol. To perform the test, bacteria were defrosted 
and cultured on Luria Bertani (LB) agar (HiMedia, India) medium at 37 °C for 18 h. In order to increase the accu-
racy and precision of the tests, culture media with similar conditions and thickness were prepared. Right after the 
growth of bacteria, separate colonies of each bacterium were cut along with the culture medium and examined.

Conclusions
In summary, to the best of our knowledge, the viscoelasticity investigation of Acinetobacter baumannii as Gram-
negative bacteria and Staphylococcus aureus as Gram-positive bacteria in a colony scale based on the PA signal 
generation is proposed for the first time. The results showed that Gram-positive bacteria have higher phase 
delay or viscoelasticity compared to Gram-negative bacteria (22.55° vs 12.72° phase delay) due to the structural 
difference between the envelope of Gram-negative and Gram-positive bacteria. PAVE is a cost-effective, reliable 
technique with simple sample preparation in comparison to AFM as an operator-dependent method; further 
studies would expand and discover the capacity of viscoelasticity measurement by the PA method accordingly 
in the field of biology. Meanwhile, a mechanical model has been also introduced for a colony of bacteria.

Data availability
All data generated or analysed during this study are available from the corresponding author on request.
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