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ABSTRACT: The regulation of environmental pH is key to
the health of an ecosystem, influencing the metabolic activity,
growth, and development of organisms within it. Although pH 150
values can be measured by a wide range of readily available
technologies ranging from fluorescent dyes and nanosensors,
these cannot reveal the history of environmental pH from
before monitoring begins. This information is sometimes
crucial for piecing together what has happened to an
ecosystem, and our long-term goal is therefore to develop 0
technologies capable of obtaining it. Here, we propose
monitoring environmental pH over time by tracking
mechanical properties of a common fungus. As a first step
toward obtaining a time history of pH, we evaluate the effect of pH upon the effective indentation modulus of spores and hyphae
of Aspergillus niger. We report that the indentation modulus of this phosphorus-solubilizing fungus, obtained through atomic
force microscopy and nanoindentation, correlated with environmental acidity. We observed a significant, monotonic increase in
moduli over the course of incubation in an acidic environment, but no change in moduli over time for incubation in a neutral
environment. Results show promise for using our scheme to detect and track environmental pH over time, and more broadly for
using a microorganism’s mechanical properties as a biomarker for environmental detection.
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1. INTRODUCTION cell mechanical properties.'® Although true mechanical moduli
of structured materials are nearly impossible to identify using

Environmental pH affects cells and tissues in ways including 0
AFM outside of the most idealized circamstances,”” AFM has

metabolism, growth, and development.l_4 The historical time

course of environmental pH is of interest when designing been used to obtain much useful information about the
remediation of an ecosystem, but this is difficult to obtain. mechanics of cells.””"* With respect to microorganisms, AFM
Strate%ies such as magnetic resonance imaging,5 fluorescent has been used to study the adhesion of spores of Bacillus
dyes,é’ and particle-based nanosensors>” are fully capable of thuringiensis (Bt)." Studies with respect to Escherichia coli have
measuring pH at the time of inquiry, but cannot trace back the shown that E. coli is less rigid after filamentous phage MI13
history of the environmental pH. Therefore, a method that can infection.'® A surface modification related stiffness change was
be used to measure and track the pH before a period of time is also observed between the E. coli with and without exposure to
needed. ampicillin."” In this study, we used AFM and nano indentation

Given the broad range of effects of pH on cells, we
investigated via atomic force microscopy (AFM) whether the
biological changes related to pH shifts could affect the
indentation modulus of a common fungus. Indeed, pH changes
can be expected to affect the surface structure of a

techniques to measure the mechanical properties of micro-
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organisms, and to explore the correlation between the
environmental pH and effective mechanical properties over
time.

Phosphorus solubilizing fungi (PSF) are common micro-
organisms. They can withstand pH values in their culture
medium as low as 1—2."* Therefore, the PSF has a stronger
adaptability to the acidic environment. Because the acidity is a
critical factor in evaluating the living of PSF, possible
relationships exist between the environmental pH and the
physical properties of PSF.

In this study, we used Aspergillus niger (A. niger), which is
better at secreting organic acids compared to other PSF, to
explore the potential of using AFM nano indentation to
correlate the mechanical properties of the fungi with the
culturing environment over time. For the first time, we
investigated the longitudinal change of the mechanical
properties of A. niger over time in environments with different
pH values. Properties of both the spores and hyphae of A. niger
were tested. Our goal was to explore the potential of using
mechanical properties as biomarkers for uncovering a history of
environmental pH. The method not only provides a non-
chemical way for measuring the local pH values of the
microorganism, but also provides important indications for
longitudinal tracking of environmental pH with potential
applizcoagilons in waste management'’ and pollution detec-
tion.”

2. METHODS

2.1. Sample Preparation. A. niger strain (NJDL-12)** was
cultured in acidic medium with an initial pH value of 1.5 (pH L.S).
Potato dextrose agar (PDA) for culturing the strain was composed of
potato (200 g/L), glucose (20 g/L), agar (20g/L), and water (1L).
The liquid PDA was prepared without agar. We used 1 mol/L HCL
and 1 mol/L NaOH to modulate the pH value of the solution. To
compare with the mechanical responses of the A. niger in the acidic
environment, we also cultured the strain with a pH value of 6.5 (pH
6.5).

The spores of the A. niger cultured in the PDA with different pH
values were placed in a rotary shaker (rotation speed 170 r/min) at an
ambient temperature of 28 °C. A drop of the medium was deposited
on a silicon wafer and was then air-dried for the AFM analysis. To
investigate the longitudinal effects of the culturing time, the spore and
hypha samples were also tested after 3, S, and 7 days of incubation. All
of the sample preparations were in a clean bench.

2.2. AFM Measurement. A commercial AFM device (Dimension
Icon, Bruker) was used for the nanoindentation tests at room
temperature. To measure the elastic modulus of the sample, an
aluminum reflex coated silicon cantilever probe with a cone tip was
used (Tap 1SOAI-G, Budget Sensors, Innovative Solutions Bulgaria
Ltd, Sofia, Bulgaria). The tip has a half cone angle of 10 degrees, a
radius of 10 nm, and a resonance frequency of 150 kHz. The nominal
force constant is 5 N/m and the actual spring constant of the probe
was calibrated before each test. A tapping mode (PeakForce Tapping)
was employed to measure the force—displacement curve. The
indentation depth for all the samples was between 100 to 300 nm.

The spores and hyphae of A. niger were identified under the
microscope of the AFM system. Each specific indentation position was
selected based on a 50 X 50 um” field of view (FOV). To avoid edge
effects and tip slippage,B the circular-shaped spore was indented close
to the center and the bar shaped hypha was indented at a position
close to the middle line. To see the intersample and intrasample
variations, we selected at least S different testing locations for each
spore and hypha during the measurement. Each position was indented
three times and an average value was reported. The force and
displacement information from the nanoindentations was measured
and analyzed.

The indentation process can be separated into the approach phase
and retract phase. In the approach phase, the AFM probe approached
the sample surface until the touching and bending of the tip cantilever.
The retract phase was when the AFM probe was retracted back from
the sample (Figure 1a). The surface structure of the sample was also
acquired for comparison between different culturing environments.
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Figure 1. (a) Approach and retract phases of the AFM nano-
indenation. (b) Typical indentation force—displacement curves during
the approach and retract phases.

2.3. Effective Modulus Estimation. The estimation of true
mechanical properties of an anisotropic, irregularly shaped organism
are essentially impossible to capture using indentation methods.
However, although the actual mechanical properties of the wall,
periplasm, and other structures of a microorganism cannot be
estimated, the effective indentation modulus can be evaluated as a
metric for comparison between different cells. Here, for convenience
of comparison, we used an effective isotropic elastic modulus (E)
estimated from the indentation force—displacement curves using
models for estimating moduli from idealized testing of homogeneous,
isotropic, planar, linear, semi-infinite substrata.

The simplest of these methods simply apply linear elasticity
solutions for frictionless indentation of semi-infinite elastic continua
with no surface energy. Such classical solutions include the Hertz
model**>® and Sneddon model.””*® These are inappropriate for
biological tissues and nanoindentation for a broad range of reasons,
including surface energy, surface irregularities, finite dimensions,
surface adhesion, inhomogeneity, viscoelasticity, and anisotropy.
Various adjustments have been made to these that account for some
of these factors, (e.g, pericellular brush model® "), but interpreta-
tion is in general tenuous.

Here, recognizing the limitations of indentation, we calculated only
an effective modulus. Because significant adhesion effects were
observed during indentation (Figure 1), as observed in many other
microorganism studies,*** we used an adjustment of the classical
linear elastic treatment of indentation that accounted for adhesion, the
DMT model.**** The DMT model provides an effective modulus by
assuming a spherical object indenting a flat surface of an linear elastic,
homogeneous, isotropic, semi-infinite half-space. Although the radius
of the AFM tip is at least one magnitude smaller than the thickness of
the microorganism, we emphasize that, even here, the ability to
estimate a modulus is questionable because the thickness of indented
features within the cell wall might not always be small compared to
this radius.

Using the DMT model to calculate the effective modulus for
indentation by a grobe with a conical tip, the effective modulus E can
be calculated by’

E, - FE
_ i( tip adh) (1 _ 1}2)
4 4R (1)

where Fy, is peak force of the AFM probe in the approach phase
(Figure 1b), F,4, is the adhesive force between the AFM tip and the
sample during the retract phase, R is the tip radius, d is the indentation
depth, and v is Poisson’s ratio. As a further caveat, we note that we
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treated the organism as incompressible; because isotropy was also
assumed, this was achieved by choosing v = 0.5.

2.4. Data Analysis. To exclude the influences of the intersample
variations, we compared the E values between different samples for
both hyphae and spores. We also compared the E values between
different testing locations within one sample for both hypha and spore
samples.

The total numbers of the tested sample points for the spore group
of pH 1.5 and pH 6.5 at 3, 5, and 7 incubation days were 30, 28, 30,
and 30, 30, 30, respectively. The total numbers of the tested sample
points for the hypha group of pH 1.5 and pH 6.5 at 3, S, and 7
incubation days were 30, 30, 30, and 20, 30, 30, respectively. A student
t-test of each of the three-repeated measurements at the same location
showed that there was no significant difference (p < 0.001). Therefore,
the three-repeated indentation results from the same location were
averaged and counted as one test point. Student t-tests with a
significance level of 5% were carried out to see the influences of the
environment with different pH values and the incubation days.

3. RESULTS

Typical height images showing the surface structure of the
spore and hypha cultured in different environment are shown in
Figure 2 and Figure 3. No significant differences were observed

Day 3 Day 5 Day 7

Figure 2. Typical AFM height images of the spores in an environment
with pH 1.5 and pH 6.5 cultured after 3, S, and 7 days of incubation.
The diameter of the spores varied between 1.5 and 5 ym.

Day 3 Day 5 Day 7

Figure 3. Typical AFM height images of the hyphae in an environment
with pH 1.5 and pH 6.5 cultured after 3, S, and 7 days of incubation.
The diameter of the hyphae varied between S and 8 pm.

topologically for different culturing environment and at
different incubation days for the spore samples. The surface
of the hypha appeared to be relatively smooth when cultured at
pH LS, while relatively rough surfaces were observed for the
hypha for a culturing environment of pH 6.5, 3 days of

incubation. No significant topological differences were observed
for other tested samples.

To show the intersample differences, we selected two
different spores and two different hyphae under the same
culturing condition (pH 1.5, Day 3) for a comparison (Figure
4). The numbers of testing points for the two spore samples
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Figure 4. Intersample differences for the (a) spore and (b) hypha
samples. The samples were tested in a culturing environment with pH
1.5 after 3 days of incubation. Student t-tests showed no significant
differences between the two spore (p = 0.76) or hypha (p = 0.67)
samples. The red and blue dots represent the indentation locations for
the two different (c) spore and (d) hypha samples.

were 4 and 5. For the two hyphae samples, the numbers were
12 and S. The p-value of the measured E values between the
two spores was 0.76, and for the two hyphae was 0.67. Within
one sample, the standard deviation of the measured E values at
different testing locations was about 1/3 to 1/10 of that of the
mean value. Similar intersample and intrasample differences
were also observed for other testing groups. Therefore, we
summarized all the measured E values from each sample for the
analysis.

The mean and standard deviation values of the Young’s
modulus for the spores and hyphae cultured in different
environment at each incubation day are summarized in Table 1.
The maximum and minimum average E values for the spores
were from the culturing medium with pH 1.5 after 7 and 3 days
of incubation, respectively. For the hyphae, the maximum and
minimum average E values were at pH 6.5 with 7 days of
incubation and pH 1.5 with 3 days of incubation. We observed

Table 1. Mean and Standard Deviation of the E Values for
the Spores and Hyphae Cultured in an Environment with pH
1.5 and pH 6.5 after 3, S, and 7 Days of Incubation

E (MPa)
pH LS pH 6.5

day 3 spore 34.96 +21.73 85.75 + 43.69

hypha 2948 + 17.14 23549 + 93.26
day S spore 53.66 + 20.98 103.54 + 32.97

hypha 48.87 + 9.25 225.75 + 106.06
day 7 spore 14421 + 3791 59.75 + 34.82

hypha 140.92 + 32.23 256.34 + 46.56
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a monotonic increase of the E values with respect to the
incubation days in an environment with pH 1.5 for both the
spores and hyphae (Figure S). Moreover, significant differences
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Figure S. A comparison of the E values measured for the spores and
hyphae at different incubation days in an environment with (a) pH 1.5
and (b) pH 6.5. The * symbol indicates a significant differences (p <
0.05) between the two sample groups.

were observed between the E values at each incubation days, for
both the spores and hyphae. However, for culturing environ-
ment with pH 6.5, we did not observe a monotonic increase or
decrease of the E value for either spores or hyphae. In addition,
at pH 6.5, no significant differences were observed for the
hyphae between each incubation days. Although no significant
differences were observed between 3 and S incubation days for
the spores, significant differences of the E values were observed
between 7 days of incubation and the other two incubation
time points.

By comparing the E values measured in a culturing
environment with pH 1.5 and pH 6.5, we observed significant
differences at each incubation time points for both spores and
hyphae (Figure 6). All the E values measured at pH 1.5
environment were lower than that at pH 6.5 environment, for
all of the incubation time points and for both spores and
hyphae, except the spores after 7 days of incubation. No
significant differences were observed for the E values between
the spores and hyphae at each incubation time point with pH
1.5. However, when environment pH 6.5, the E values of the
spores were significantly lower than that of the hyphae.

4. DISCUSSION

Growth and development of cells and tissues are closely related
to the mechanical properties.”””” Longitudinal changes of
mechanical properties have been observed in many different
biological identities.”*** In this study, we observed a significant
increase of the E value for both spores and hyphae in the acid
environment over time. We postulate that in an acidic

environment, A. niger tends to develop a stiffer cell wall over
time for protection. However, no monotonic increase or
decrease was observed in the neutral environment, showing
that A. niger did not have a tendency to grow a stiffer cell wall.
Therefore, these results indicate that the mechanical property
could be used as a biomarker for tracking the growth of the
microorganism, showing the infection days of certain fungi.
Also, by correlating with the change of mechanical properties
over time for both spores and hyphae, we could also estimate
the environment pH values.

Throughout the observed incubation days, we observed that
the acidity of the environment had significant influences of the
mechanical properties of the fungi. While all the spores and
hyphae appeared to be softer in the acidic environment than
that of neutral environment, the spores incubated after 7 days
was stiffer. This indicated that using a combination of
information from both the spores and hyphae, it is possible
to interpret the acidity of the environment using the mechanical
properties of microorganisms. Also, the results had interesting
implications from a biology perspective. Similar mechanical
properties of the spores and hyphae in acid environment may
indicate that the hyphae are in the process of generating spores.
However, compared with neutral environment, mechanically
softer hyphae in the acid environment may indicate a
correlation with its high ability to generate organic acid.

It has been shown that the surface structure of micro-
organism could affect the stiffness measured by AFM."” Chen
et al. (2009) has shown that the smooth surface of E. coli was
correlated with a lower Young’s modulus. In our study, we also
found that the surface structure of spore and hypha could affect
the nanoindentation results by indenting at different locations
(Figure 4). To view the surface structure in detail, scanning
electron microscopy (SEM) images (S kV, Hitachi SU-SO00N,
Japan) of the gold sputter coated spores and hyphae were also
acquired (Figure 7). However, the electron images did not have
observable differences between environments with different pH
values. This showed that the intrinsic physical properties
contributed to the different modulus measured.

Compared with other pH measurement methods, using
mechanical properties as a biomarker is an interesting prospect.
This study provides a nonchemical method free of agents or
particles to measure the environment pH. The proposed
method also do not have the potential toxicity problem to
cells.~** Compared with the MR scanner used for pH
measurement,” the AFM device is relatively cost-effective and
easy to implement. The correlation observed between the
elastic modulus and the pH values over time showed promise
for using mechanical properties as a biomarker to detect the

(a)

(c)

500 - 500 - 500 -
W PHL.5 W PH1.5
400 - * 400 - * 200 A HPH1.5
- PH6.5 — PH6.5 — PH6.5 —
S 300 - & 300 A &£ 300 - I
H . = = ‘
o 200 A w 200 {1 * w 200 -
00 4 T 100 { 100 1 M,
0 __i_'_i_\ 0 __i_,_-_‘ 0 4
spore hypha spore  hypha spore  hypha

Figure 6. Comparisons of the E values of the spores and hyphae cultured in an environment with pH 1.5 and 6.5 after (a) 3, (b) S, and (c) 7 days of
incubation. The * symbol indicates a significant difference between the two groups (p < 0.05).
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Figure 7. SEM images of the (a) spore and (b) hypha.

©

‘,

5.00um  SU5000 5.0kV 5.4mm x1.50k SE(L) \

inter- and extra-cellular environment for a variety of biological
identities not limited to the microorganism.

This study has many limitations. We showed only three
incubation time points for the longitudinal study. Also the exact
environment pH values may change in the process between
sample handling and testing. Future studies include AFM
measurement of other similar microorganisms.

5. CONCLUSION

In this study, we investigated the longitudinal change of the
mechanical properties of microorganisms as a function of
environmental pH values. By using nanoindentation techni-
ques, we measured elastic moduli of a common PSF, A. niger.
Results showed that the stiffness of both the spores and hyphae
increased over the course of incubation time in an acidic
environment. Also, significant differences of the stiffness were
observed for both spores and hyphae as a function of
environmental pH. As a preliminary study, these indicated
that the mechanical properties of microorganisms can be used
as biomarkers for detecting environment pH values. Results
specifically demonstrated a strong correlation between
mechanical properties and both the magnitude and duration
of exposure to environmental acidity. More broadly, results
demonstrated the feasibility of using mechanical properties to
monitor both the growth conditions of a microorganism, and as
a biomarker for environmental monitoring and detection.
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