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Despite a wealth of studies examining the toxicity of engineered nanomaterials, current knowledge on their cytotoxic mecha-
nisms (particularly from a physical perspective) remains limited. In this work, we imaged and quantitatively characterized the
biomechanical (hardness and elasticity), adhesive, and surface electrical properties of Escherichia coli cells with and without ex-
posure to hematite nanoparticles (NPs) in an effort to advance our understanding of the cytotoxic impacts of nanomaterials.
Both scanning electron microscopy (SEM) and atomic force microscopy (AFM) showed that E. coli cells had noticeable deforma-
tion with hematite treatment for 45 min with a statistical significance. The hematite-treated cells became significantly harder or
stiffer than untreated ones, as evidenced by indentation and spring constant measurements. The average indentation of the he-
matite-treated E. coli cells was 120 nm, which is significantly lower (P < 0.01) than that of the untreated cells (approximately 400
nm). The spring constant of hematite-treated E. coli cells (0.28 � 0.11 nN/nm) was about 20 times higher than that of untreated
ones (0.01 � 0.01 nN/nm). The zeta potential of E. coli cells, measured by dynamic light scattering (DLS), was shown to shift
from �4 � 2 mV to �27 � 8 mV with progressive surface adsorption of hematite NPs, a finding which is consistent with the lo-
cal surface potential measured by Kelvin probe force microscopy (KPFM). Overall, the reported findings quantitatively revealed
the adverse impacts of nanomaterial exposure on physical properties of bacterial cells and should provide insight into the toxic-
ity mechanisms of nanomaterials.

Physicochemical interactions between nanoparticles (NPs) and
cell surfaces play a crucial role in the cytotoxicity of engi-

neered NPs (37, 38). For example, the binding of NPs to surface
functional groups (e.g., transmembrane proteins) of cells can be
reversible or irreversible, resulting in temporary or permanent
structural damage (38). Recently, exposure to engineered NPs was
reported to cause disorganization and permeability changes in the
bacterial cell membrane (6, 24, 29). Particularly, Ag NPs adhered
to the Escherichia coli cell surface, altering the membrane proper-
ties and affecting the permeability and the respiration of the cell
(35). To date, most in vitro and in vivo toxicological studies of
engineered nanomaterials on microbial cells employ growth and
viability assays (39, 45), proteomic assays, reactive oxygen species
(ROS) tests (7, 14), and molecular-level evaluations based on ge-
netic response (55). Relatively fewer studies have focused on the
impacts of NP exposure on the mechanical and physical proper-
ties of cell systems, although many engineered NPs, including Ag
(42), Cu (46), Fe (1, 27), TiO2 (7), CeO2 (50, 59), and ZnO (6, 24),
have been shown to compromise the integrity and functions of the
bacterial membrane upon exposure to NPs. Clearly, investigations
of the impacts of surface interactions between NPs and cells on
cellular mechanical and physical properties are important for in-
terpreting toxicity data and predicting the environmental risk as-
sociated with engineered NPs.

Potential implications of the changes in biomechanical prop-
erties (e.g., hardness and elasticity), adhesiveness, and surface
electrical properties of microbial cells are perceivable. For exam-
ple, hardness or elasticity changes likely influence the surface
structural flexibility, the production of mechanical energy for cell
division, and cell motility. As for adhesiveness, the cell microen-
vironment is normally composed of an extracellular matrix
(ECM) with specific molecules that allow the cell to adhere to its
surroundings (52). Sorption of NPs on cells may alter the adhe-

sion characteristics and affect a variety of microbial processes
(e.g., bacterial colonization) (20). Surface charge undoubtedly
plays an important role in interactions between cells and their
surroundings (18, 25) which, to name a couple, determine the
stability of bacterial suspensions (26) and microbial adhesion to
solid surfaces (22). In particular, exposure to TiO2 NPs was found
to cause aggregation of E. coli cells and suppression of cell division
(23, 65). Clearly, characterizing the surface physical properties of
cells is essential for the evaluation of the impacts from exposure to
engineered NPs.

Although electron microscopy provides direct examination of
the cell surface damage, sample fixation and imaging under a vac-
uum often introduce artifacts. In contrast, atomic force micros-
copy (AFM) is attractive because microbial cells can be main-
tained and imaged in aqueous environments at nanometer spatial
resolution. Meanwhile, AFM is capable of measuring piconewton
forces in liquid, and the generated force-distance curves can be
used to determine the hardness and elasticity (48) as well as the
adhesiveness (53, 62) of bacterial cells. Moreover, the electrical
mode of AFM, known as Kelvin probe force microscopy (KPFM),
can be used to map and quantify the local surface potential down
to the resolution of the cantilever tip diameter (31, 32). The local
surface potential measured from KPFM results from the differ-
ence in work function or the contact potential difference (CPD)
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between the sample surface and the cantilever tip (19). The work
function (usually measured in eV) is the minimum energy needed
to liberate an electron from the surface of a particular substance
(3, 31). In metals, the work function can be the energy difference
between the vacuum level and the Fermi energy. In semiconduc-
tors or biomolecules (e.g., proteins), the work function may arise
from the difference in energy between the vacuum level and the
most loosely bound electron inside the sample. The work function
difference is affected by the local mechanical and electromagnetic
properties, such as surface charge, doping level, or dielectric con-
stant, of the sample (31, 32). As a result, KPFM has been recently
demonstrated to quantify the surface electrical properties (e.g.,
surface heterogeneities and surface charge distribution) of E. coli
cells and metallic NPs (40, 49) as well as DNA (63).

Our previous efforts to evaluate the sorption kinetics and ad-
hesion force characteristics of hematite (�-Fe2O3) NPs on E. coli
cells and other cell systems, such as the human intestinal cell line
(Caco-2), have been made to understand the impacts on cellular
viability and integrity (60–62). Hematite NPs were used as a ref-
erence nanomaterial with good colloidal stability and a uniform
size/morphology distribution (13, 21, 64), characteristics which
minimize the potential size and shape effects on the NP-cell inter-
actions. Moreover, hematite itself is relatively chemically inert and
does not release toxic metal ions. However, progressive sorption
on E. coli cells led to decreased viability (61), which is probably
governed by sorption-induced physical injuries. In this study, we
further explored the impacts of hematite NP exposure on mor-
phology, biomechanical properties (i.e., hardness and elasticity),
adhesiveness, and surface electrical properties of E. coli cells to
better understand the cytotoxic effects of engineered NPs. We
employed multiple analytical tools, including scanning electron
microscopy (SEM), AFM, dynamic light scattering (DLS), and
KPFM, to explore the above-mentioned physical properties in in-
dividual E. coli cells at the nanometer scale. To the best of our
knowledge, this is the first attempt to employ KPFM as a tool in
imaging and quantifying the surface potentials of E. coli cells.

MATERIALS AND METHODS
Hematite NP preparation. Hematite NPs with a mean diameter of 100
nm were synthesized according to the Penners and Koopal method with
minor modifications (60, 64). Briefly, 20 mM FeCl3 in 4 mM HCl solution
was incubated for 24 h at 100°C in a forced convection oven, and the
sediment (hematite NPs) was collected by centrifugation (Eppendorf cen-
trifuge 5430R; Germany) at 5,000 � g for 30 min. The sediment was rinsed
three times using 4 mM HCl solution and concentrated using centrifuga-
tion. The concentrated hematite NPs were stored in deionized (DI) water
(Millipore; �18.2 M�) at 4°C before use. The concentration of hematite
NPs is expressed in mg of Fe/liter in this study and was determined by
inductively coupled plasma-mass spectrometry (ICP-MS) (Elan DRC II;
PerkinElmer). The hydrodynamic size distribution and zeta potential
were both measured by DLS using a Zetasizer (Nano ZS; Malvern Instru-
ments Ltd.). In addition, the size and morphology of hematite NPs were
previously characterized by a Topcon transmission electron microscope
(TEM), with detailed results reported elsewhere (60, 61).

Culture of E. coli cells. E. coli K-12 cells (strain D21) were purchased
from the E. coli Genetic Stock Center (Department of Biology, Yale Uni-
versity, New Haven, CT). E. coli was inoculated in a standard Luria-Ber-
tani (LB) medium at 37°C overnight, and cells were harvested after an
incubation time of approximately 13 h (in stationary growth phase),
which leads to a cell density of approximately 1.8 � 109 CFU/ml as deter-
mined by the optical density (OD) measurement (� � 600 nm) using a
Beckman DU7700 spectrophotometer. The cells were washed with phos-

phate-buffered saline solution (PBS; 20 mM PO4
3� and pH 7.2), pelleted

by centrifugation at 3,000 � g for 5 min, and finally resuspended in PBS
with a final cell density of approximately 109 CFU/ml.

Exposure of E. coli cells to hematite NPs. Detailed schematics of
exposure experiments have been described previously (61). Briefly, the
stock suspension of hematite NPs was added to a 15-ml polystyrene test
tube at a final total Fe concentration of 100 mg/liter. E. coli cells were
dispersed into the tubes at a concentration of approximately 109 CFU/ml;
the ratio of the wet mass of E. coli cells to the dry mass of NPs was approx-
imately 1:1 to accelerate cytotoxic effects (47, 61). PBS was added to all
tubes to a total volume of 10 ml of the buffered system. The test tubes were
stirred gently at a low Reynolds number on a rotational shaker and then
incubated at 37°C for 1 h.

The hematite-treated E. coli cells were separated from the mixture to
remove loosely bound NPs on the cell surface using the centrifugal
method (61). Briefly, the liquid mixture was first rinsed with PBS twice
and then centrifuged at 4,000 � g for 10 min on an Eppendorf 5418
centrifuge. Finally, the cell concentrate was resuspended in PBS and used
immediately in the following analysis.

Immobilization of E. coli cells on silicon wafer surfaces. (i) Poly-L-
lysine-treated silicon wafer surface preparation. Prior to coating with
poly-L-lysine (P8920MW 150 to 300K; Sigma-Aldrich, Saint Louis, MO),
silicon wafer disks were cleaned rigorously with 70% ethanol and DI water
and dried on a hotplate at 30°C. A 200-�l aliquot of 0.01% poly-L-lysine
solution was dropped on the center of the silicon wafer disk, and the disks
were placed on the 30°C hotplate for 10 min (15, 48). Finally, DI water was
used to gently rinse the silicon wafer surface to remove loosely bound
poly-L-lysine molecules.

(ii) Bacteria immobilization. A 1-ml aliquot of the pelleted E. coli
suspension, as prepared previously, was applied to the poly-L-lysine-
treated silicon wafer. The sample was allowed to stand for 20 min on the
30°C hotplate before it was rinsed with DI water. The bacterium-immo-
bilized silicon wafer was used immediately in the SEM analysis and the
imaging in liquid with AFM.

SEM analysis. The morphology of E. coli cells with and without hema-
tite treatment was examined by SEM (FEI XL30 EFSEM) with an acceler-
ation voltage of 5 kV. Briefly, the immobilized E. coli cells on the silicon
wafer surface were analyzed directly, without a further drying process, to
maintain the original morphology.

Imaging and force measurement in liquid with AFM. An Agilent
5500 AFM (Molecular Imaging, Phoenix, AZ) was used for imaging the
immobilized cells in liquid under the acoustic alternating current (AAC)
mode and for measuring the interaction forces in PBS between the canti-
lever tip and the cell surfaces. The hardness, elasticity, and adhesiveness of
E. coli cells were evaluated by measuring the indentation in the compli-
ance curve and the adhesion force. Elasticity was evaluated by both the
spring constant and Young’s modulus, obtained from the Hertz model.

(i) Imaging cells in liquid. Imaging in PBS was employed in this study
to maintain the original morphological and relevant biomechanical prop-
erties of E. coli cells in aqueous environments. E. coli cells were immobi-
lized by spreading a 20-�l drop of the bacterial suspension obtained from
the previous steps onto the poly-L-lysine-coated silicon wafer surface. The
samples were spread to a circular diameter of roughly 5 to 7 mm. After
standing for 10 min, the samples were rinsed vigorously with DI water and
dried by a focused jet of nitrogen. If the bacteria adhered to the surface, an
opaque film was clearly visible. Samples were scanned using a rectangular
silicon nitride (Si4N3) cantilever (MLCT model; Bruker AFM Probes)
with a nominal spring constant of 0.03 N/m and a nominal resonance
frequency of 34 kHz at a scan speed of 1 Hz at 256 pixels per line scan. The
initial deflection was set to �1.0 	 0.2 V with a drive amplitude of 1.8 to
2.0 V. All of the images presented in this article were third-order flattened.

(ii) Determination of the cantilever spring constant. Prior to the
force measurement, deflection amplitude (V)-distance (nm) curves were
generated in contact mode by engaging the cantilever with the silicon
wafer surface in air. The sweep duration of the force curves was set to 1 s.
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After each approach, the slope from the force curve in the contact region
was recorded and entered into the Thermal K program that interfaces with
the imaging software to calculate the spring constant of a cantilever by the
thermal method (9). Consequently, the deflection amplitude (V) was con-
verted to force (nN), and the force-distance curve was generated.

(iii) Interaction force measurement. From the previous imaging step,
a single bacterium of interest can be identified within the scanned area.
The cursor was placed in the region of the interest on the identified bac-
terium, and force measurements were performed in PBS. Before engaging
the cantilever tip with the sample, the initial deflection of the cantilever
was set at �1.0 	 0.2 V with a set point of 0 V. Depending on the repro-
ducibility, approximately 20 force measurements were recorded on a par-
ticular region (62), and then the cursor was relocated to other regions of
interest on the same cell to acquire additional force curves. In addition to
the force measurement against bacteria, at least six control force curves
were similarly obtained between the cantilever tip and the substrate sur-
face. A maximum loading force of approximately 4 nN was consistently
applied to effectively engage the tip with the inner cell surface (see more
details in the supplemental material).

In this study, the adhesion force measurement between the Si3N4 can-
tilever tip and the bacterial surface was quantified to evaluate the adhe-
siveness of the cell surface with and without hematite treatment. The
Si3N4 cantilever tip with a small radius of curvature (approximately 20
nm) was used directly to acquire interaction force information between
the tip and the bacterial surface at a small scale. In addition, because of
their known surface chemical properties, Si3N4 cantilever tips have been
frequently used as a model surface to study the interaction force in the
bacterial interface (12, 28, 44, 54).

Zeta potential and hydrodynamic size measurements with DLS. (i)
Zeta potential. Hematite NPs and E. coli cells in PBS dispersions were
examined using DLS to determine the electrophoretic mobility (EPM),
which was then converted to zeta potential using Smoluchowski’s approx-
imation. One milliliter of the liquid sample was injected into a folded
capillary cell (DTS1060; Malvern Instruments).

(ii) Hydrodynamic sizes of hematite NPs and E. coli cells. DLS was
used to measure the z average intensity-based hydrodynamic size of he-
matite NPs and E. coli cells on the basis of the Stokes-Einstein equation.
Suspensions for the DLS analysis were obtained directly from previous
steps as described above. During DLS measurements, refractive indices of
2.94 and 1.40 were used for hematite NPs (13) and E. coli cells (2), respec-
tively, and the instrument temperature was maintained at 25°C. The re-
ported zeta potential and hydrodynamic diameter data show the mean
value 	 the standard deviation of DLS data collected in three independent
experiments.

Local surface potential measurement by KPFM. KPFM was also con-
ducted on the Agilent 5500 AFM, which is equipped with a MAC III unit
and has three lock-in amplifiers (LIAs) that enable multifrequency mea-
surements. Detailed configurations of KPFM have been described previ-
ously (63). Briefly, platinum-coated silicon cantilever probes (Olympus
AC240TM; Japan) were used as the conductive probes with a force con-
stant of approximately 2 to 5 N/m and a nominal resonance frequency of
70 kHz. The work function of the tips (
t; 4.91 	 0.05 eV) was calibrated
on freshly cleaved highly oriented pyrolytic graphite (HOPG; grade ZYH,
product no. 626; Ted Pella). The reference work function of HOPG in air
is 4.65 eV (31, 32). During the operation, the microscope was fully con-
tained in an environmental chamber that controls ambient pressure, tem-
perature (25 	 2°C), and humidity (approximately 35%), as measured by
a VWR humidity/temperature thermometer.

For the NP sample preparation, 0.5 �l of hematite NP stock suspen-
sion was deposited on a clean silicon wafer. After air drying for approxi-
mately 5 min, the silicon chip was then ready for KPFM. For E. coli cell
sample preparation, the air drying time was strictly controlled to avoid
severe dehydration of cells. Briefly, 0.5 �l of the bacterial suspension was
deposited on a clean silicon wafer and incubated on a 30°C hotplate for
approximately 5 min. The fixed bacterial film then was quickly blown

under a focused jet of nitrogen to remove residual moisture. The silicon
wafer with fixed samples was finally fixed on a small piece (1 cm by 1 cm)
of conductive double-sided tape (Ted Pella) which was placed on a
grounded microscope stage and ready for KPFM study. To confirm the
statistical significance of the observations, local surface potential was mea-
sured in at least five different locations for each cell; the images reported
here are representative.

Statistical analysis for the force measurements. Statistical tests were
used to determine if the force measurements on hematite-treated E. coli
cells were significantly different from those on the untreated cells. Briefly,
we randomly selected at least 10 each of untreated and hematite-treated E.
coli cells from AFM images. For each selected single cell, approximately 15
to 20 force-distance curves (or compliance curves) were generated for 3 to
5 different regions of the cell surface. We regularly changed cantilever tips
to avoid experimental artifacts and tip contamination. Generally, the
force measurements within an AFM image were all completed by the same
cantilever tip unless the reproducibility in force measurement became
worse due to tip damage or contamination. The approach and retraction
curves between the cantilever tip and the bare silicon wafer were always
reproducible and thus easily averaged, whereas the approach and retrac-
tion curves on E. coli cells varied because of the complex heterogeneous
bacterial surface; thus, these curves were analyzed individually as de-
scribed previously (48, 30, 62). Finally, the reported force-distance curves
were plotted with averaged data, and the probabilities of occurrence for
the indentation and adhesion forces are also discussed below.

RESULTS AND DISCUSSION
Morphology changes in E. coli cells with and without hematite
treatment. To qualitatively assess the exposure of E. coli cells to
hematite NPs, SEM imaging experiments were performed. Figure
1a shows the morphology of representative E. coli cells without
exposure to hematite NPs. The cells were rod shaped with some
appendages, such as the tail-like flagella, and their sizes were typ-
ically 0.5 to 1 �m wide and 2 to 3 �m long, consistent with the
common dimensions of E. coli. Figure 1b and c show cells with a
few and many hematite NPs (the white dots), respectively, at-
tached to the cell body. However, the cells were still fairly intact
and did not exhibit significant deformation; furthermore, flagella
or pili could be resolved well. Although some particles appear to
be inside or beneath the cells (see the circled region in Fig. 1c), it
has been suggested that NPs generally adsorb to but do not pene-
trate E. coli cells (45). As revealed by additional SEM images (see
Fig. S1 in the supplemental material), hematite NPs could merge
with or be embedded into the gel-like periplasm or extracellular
polymeric substances (EPS), a result which is likely the situation
observed in Fig. 1c. With a 45-min exposure to hematite NPs, E.
coli cells had become deformed, and the cell size was statistically
smaller than that of the untreated cells. Figure 1d shows typical
deformed cells with a significant shrinkage in length, approxi-
mately 66% 	 15% (within the 95% confidence interval based on
comparisons between the measurements of 10 untreated and 35
treated cells).

In Fig. 1b and 1c, hematite NPs formed aggregated clusters
which may be caused by the surface tension force as the water
evaporated during sample preparation. Hematite NPs themselves
in PBS should be stabilized by the interparticle electrostatic repul-
sion, whereas in the presence of E. coli cells, hematite should ex-
hibit high sorption affinity toward E. coli due to the attractive
interfacial forces (61).

To maintain the physiological properties of the cell under bio-
logically relevant conditions, we also obtained AFM images of E.
coli cells in liquid (PBS) to compare the hematite treatment effects
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on morphology. As shown in Fig. 2a, original untreated E. coli cells
maintained an intact appearance, and they appeared to have a
smooth outer surface with no apparent surface ultrastructures or
flagella resolved. Previous studies attributed the absence of fine
surface structures and flagella in liquid AFM imaging to the inter-
ference of solvent molecules (water) in interactions between the
tip and bacterial surface structures (15, 48, 51). The phase image in
Fig. 2b provides better contrast in which some particulates and the
rough surfaces on the substrate are clearly resolved. Previous stud-
ies showed that the brighter or darker areas of the sample were
caused by a positive or negative phase shift (increased or decreased
phase angle), respectively, and the phase contrast may reflect
changes in surface characteristics (e.g., adhesiveness, hardness, or
elasticity) (16, 33).

Similar to SEM images, AFM images also provided visualiza-
tion of the hematite NPs adsorbed on E. coli cells in Fig. 2c and d,
which show a typical deformed cell after a 45-min exposure. Ten
untreated and 25 hematite-treated cells were selected to compare
the changes in the bacterial length, which was found statistically to
decrease by approximately 59% 	 21% (within the 95% confi-
dence interval) with hematite exposure, consistent with the SEM
results. Furthermore, the height profiles for the untreated and
hematite-treated cells were also plotted in Fig. 2e and f; these
cross-sectional profiles are drawn across the cell body along the
red dotted lines in Fig. 2b and d, respectively. The untreated cells
had a maximum height of approximately 0.45 �m that is compa-
rable to the range reported previously (51), whereas the hematite-
treated cells had an obviously reduced height of �0.11 �m, pro-

viding more solid evidence of the cell deformation in the vertical
or z scale.

Hardness and elasticity analysis of E. coli cells. Force-dis-
tance curves record the vertical cantilever deflection as the AFM
tip is driven by the vertical piezo to approach, contact, and retract
from the sample surface. These curves can be used to evaluate the
cell surface hardness or elasticity as well as the adhesiveness (48,
28, 53). To evaluate the hardness or elasticity, force-distance
curves generated on a relatively rigid surface (i.e., the bare silicon
wafer surface) are used as a control for force measurements on
bacterial cells, as illustrated in Fig. 3a to c. Force-distance curves
were collected on randomly selected regions of the untreated and
hematite-treated E. coli cells (Fig. 3b and c). Upon the engagement
of the tip with the cell surface, the force-distance curve includes
both nonlinear and linear portions, as shown in Fig. 3d and e. The
nonlinearity is a consequence of interfacial forces, such as the van
der Waals, electrostatic, and steric (electrosteric) forces, and the
potential nonlinear deformation of the bacterium, whereas the
linear response is due to the elastic deformation of the bacterium
(51).

Indentation is the response of a material under a certain com-
pression force and a quick measure of the sample hardness (41). In
AFM, the indentation on the local cell surface is measured as the
difference between the approach and retraction curves at the start
of the linear region (or constant compliance region) because the
maximum indentation is clearly proportional to the loading force
or compression force from the tip (56, 62). To estimate indenta-
tion, approach curves generated on the silicon wafer surface and E.

FIG 1 SEM images of E. coli cells with and without hematite treatment at different exposure times (indicated in the bottom right of each legend). (a) Untreated
E. coli cells. (b) E. coli cells with light attachment of hematite NPs (white dots, as indicated by the arrows). (c) E. coli cells with heavy sorption of hematite NPs.
(d) Deformed E. coli cells.
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coli cells were plotted together in Fig. 3d. The indentation on the
untreated cells was approximately 270 to 550 nm, as shown by the
red dots, whereas after exposure to hematite NPs, the indentation
was significantly reduced to an average of 120 nm, as shown by the
green triangles. The difference in indentation is further illustrated
in the distributions of indentation in Fig. 4a and b. As the bacterial
surface is heterogeneous, it is not surprising to see a wide distri-
bution of indentation, indicating that some regions are rigid
whereas others are soft. Pairwise statistical t tests indicate that the
measured indentations of untreated and treated cells were signif-
icantly different from one another (P � 0.01; n � 680). The
smaller indentation corresponds to a stiffer surface, indicating
that the accumulation of hematite NPs stiffened the cell surface,
probably owing to the binding or even embedment of hematite
NPs into the biopolymer matrix on the E. coli surface, as shown in
Fig. 1d and Fig. S1 in the supplemental material.

Alternatively, cell hardness or elasticity can be evaluated by

measuring the spring constant of the cells (48, 34, 51, 53). The
spring constants (kb) were determined from the slope of the linear
portion of the constant compliance region, which is due to elastic
deformation of the bacterium, as mentioned above (52). When
the tip interacts with a cell, two springs are present in series (the
cell and the cantilever). In this case, the cantilever deflection may
occur over a long distance because soft samples initially exhibit a
gradual change in deflection (Fig. 3b and c). The spring constant
of the cell (kb) can be determined using the equation (5) kb �
kcs/(1 � s), where kc is the spring constant of the cantilever and s is
the slope in the linear constant compliance region of the force-
distance curve. The spring constant of the cantilever was prede-
termined by the Thermal K method. Slopes for untreated and
hematite-treated E. coli cells were measured and are shown in
Table 1. The mean spring constants of untreated and hematite-
treated E. coli cells are 0.01 and 0.28 nN/nm, respectively, with a
statistically significant difference (P � 0.01; n � 250), also indi-

FIG 2 (a) Amplitude image of untreated E. coli cells immobilized on the silicon wafer surface. (b) Phase image for the cells shown in panel a. (c) Amplitude image
of deformed E. coli cells with exposure to hematite for 45 min. (d) Phase image for the cells shown in panel c. (e and f) The cross-sectional profiles of the heights
of the untreated and hematite-treated E. coli cells in panels a and c, respectively, taken along the directions marked with the red dashed lines in panels a and c. The
crossed circles indicate examples of force measurement regions.
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cating that hematite-treated E. coli cells became stiffer. Previously
reported spring constants for E. coli commonly range from 0.02 to
0.26 N/m (30, 34, 58). The deviations may arise from variations in
experimental methods or the strain types of the studied bacteria.

For example, our AFM force measurement was performed in liq-
uid, whereas some previous work performed it in air (34). The
difference in hydration states should vary the spring constant of
the cell surface. Moreover, the rigid hematite NPs adsorbed on
cells likely affected the physical integrity of the cell membrane and
led to the cell deformation and cell hardness changes, as indicated
by the different spring constants of untreated and treated cells. We
compared the spring constants of the cells rather than Young’s
modulus because of the considerable deviations between the
Young’s modulus value calculated using the Hertz model and
other literature-reported values (see details in section S3 in the
supplemental material).

Surface adhesiveness analysis. Adhesiveness of the cell surface
is evaluated using the adhesion events from the retraction curve,
in which the tip pulls away from the cell. Figure 3e shows repre-
sentative adhesion events that were measured on different sur-
faces. For the bare silicon wafer and untreated E. coli cells, there
were almost no noticeable adhesion peaks that could be quantified
from the retraction curves. In contrast, hematite-treated E. coli
cells produced apparent adhesion peaks (the green triangles).
Each adhesion curve may vary in the pattern of adhesion events
due to the cell surface heterogeneity. Overall, visual inspection
indicates that the adhesion force in the treated cell retraction
curves was generally larger than that in the retraction curves for
the silicon wafer or untreated cells. The low adhesion between the
tip and the silicon wafer might be due to their hydrophilic sur-
faces, which attract water molecules and produce hydrophilic re-
pulsion. For untreated cells, the cell surface is hydrated and fairly
soft; this led to a weak contact between the tip and the cell which
resulted in less binding and low adhesion. However, the hematite-
treated cell surface was shown to be stiffer, and consequently, the
tip might effectively penetrate the slime layer and make contact
with more biopolymer molecules, such as lipopolysaccharides
(LPSs), resulting in a wide range of adhesion binding between the
tip and the cell (17). Thus, the multiple adhesion peaks in Fig. 3e
might correspond to the multiple break-up points of the chemical
binding of LPSs to the Si3N4 surface (44). Furthermore, for hema-
tite-treated E. coli cells, we observed a “jump to contact” in the
approach curve, an event which occurs when the attractive force
gradient exceeds the spring constant of the cantilever (11).
Clearly, after the sorption of hematite, a stronger attraction which
could be due to the increasing electrostatic attraction was present
between E. coli cells and the tip. This is probably because E. coli
cells had increased surface charge with hematite treatment (to be
shown in the following sections) while the surface charge of Si3N4

tips should be close to neutral at pH 7.2 (4). Moreover, attachment
of hematite NPs on E. coli cells may also alter other surface char-
acteristics (e.g., hydrophobicity and/or surface tension), a possi-
bility which requires further research to verify.

To determine the statistical significance of the adhesiveness
changes, we further compared the peak adhesion forces observed
in the retraction curves of untreated and treated cells (Fig. 4c and
d). Again, a wide distribution of peak adhesion forces was gener-
ally observed due to the surface heterogeneity (44, 62). Clearly, the
magnitude of the peak adhesion force of treated cells (�1 nN) was
significantly greater than that of untreated cells, the latter of which
was on the order of 20 to 100 pN (P � 0.01; n � 705), which is just
above the detection limit (approximately 10 pN) of the AFM force
measurement (36). The above-described comparison of peak ad-

FIG 3 (a to c) Schematic of the interaction force measurement between the
cantilever tip and the sample surface (i.e., the bare silicon wafer surface and
untreated and hematite-treated E. coli cells). The illustrations are not drawn to
scale. (d to e) Force-distance curves as the tip approached (d) and retracted
from (e) contact between the tip and the E. coli cell. Arrows in panel d indicate
the measured indentations of untreated (
400 nm) and treated (
120 nm) E.
coli cells relative to the substrate surface.
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hesion forces provides solid evidence of the changes in cell surface
adhesiveness with hematite exposure.

Zeta potential and hydrodynamic size measurements. To
quantify the effect of hematite exposure on the surface electric
property of E. coli cells, zeta potentials, as a measure of the average
electric potential for suspended colloidal particles in the aqueous
phase, were determined. Despite the possible inaccuracy of using
the Smoluchowski formula in calculating the zeta potential of bac-
teria (soft particles) (12), zeta potential is still widely employed as
a convenient and approximate measure of the surface electrical
potential of bacteria (8, 26). As shown in Fig. 5, the mean zeta
potential of E. coli cells in PBS was originally �4 	 2 mV and
immediately shifted to a more negative value (�27 	 8 mV) upon
exposure to hematite NPs; no significant changes were observed
over the exposure time. The overall charge of E. coli cells at bio-
logical pH values should be negative, owing to the excess carbox-

ylic groups (e.g., LPS) present in the lipoproteins at the bacterial
surface (46). The rapid changes in the zeta potential of E. coli cells
were likely due to the sorption of hematite NPs, which had a neg-
ative surface charge (approximately �48 mV) when dispersed in
PBS. Hematite NPs in DI water at neutral pH are positively
charged (64). The charge reversal of hematite NPs from positive
(in DI water) to negative can be explained by phosphate compl-
exation (10); functional groups ('FeOH, 'FeO�, and
'FeOH2

�) on hematite surfaces may react with phosphate spe-
cies to form negatively charged species (e.g., FePO4

2� and
'FePO4H�). In addition to the zeta potential measurement, the
EPM of E. coli cells is presented in Table S1 in the supplemental
material (see more details in section S4 in the supplemental ma-
terial). As the surface potential of E. coli cells became more nega-
tive, the electrostatic interactions between E. coli cells and hema-
tite NPs and the aqueous stability (e.g., dispersion state) of E. coli
cells were both likely to be affected.

To verify the size changes of E. coli cells upon exposure to
hematite, the hydrodynamic diameters of E. coli cells were mea-
sured. Figure 5 shows that the mean hydrodynamic diameter of E.
coli cells before exposure to hematite NPs was approximately
5,400 nm, whereas hematite NPs had a mean hydrodynamic di-
ameter of approximately 400 nm, probably due to some aggrega-
tion, as observed in the SEM and AFM images. Interestingly, the
hydrodynamic size of E. coli cells seemed to decrease to approxi-
mately 1,000 nm immediately after exposure to hematite (e.g.,
after approximately one min of exposure) and showed no signif-
icant changes over the exposure time. This rapid change in size,
however, may not correspond to the cell deformation and could
be an artifact caused by either the cell damage from the centrifugal
separation or potential interference from light scattering on the

FIG 4 Histograms showing the distributions of indentations (a and b) and peak adhesion forces (c and d) measured on untreated and hematite-treated E. coli
cells. The probabilities of occurrence were normalized by the total numbers of force measurements, which are indicated by the values of n for each case.

TABLE 1 Summary of spring constants for the cantilever tip and
untreated and hematite-treated E. coli cellsa

Tip or group of cells
Slope
(nm/nm)b

Spring constant
(nN/nm)

Cantilever 0.03 	 0.01
Untreated E. coli cells 0.31 	 0.02 0.01 	 0.01
Hematite-treated E. coli cells 0.90 	 0.02 0.28 	 0.11
a The average data and standard deviations are presented. The standard deviations of kb

(the spring constants of the cells) were computed by the method of propagation of
uncertainty.
b The slope in the table (nm/nm) was converted from the slope in the force-distance
curve (nN/nm) by dividing by the spring constant of the cantilever (kc). A total of 250
force-distance curves on 3 untreated and 5 hematite-treated cells were selected to
determine the slopes in the corresponding linear constant compliance region.
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aggregated clusters of hematite that remained in the bacterial sus-
pension. For instance, the possible interference from hematite is
evidenced by the multimodal particle size distribution (PSD) in
Fig. S2 in the supplemental material. Upon exposure, the suspen-
sion became more polydisperse, and the initially monomodal PSD
(time � 0) of the E. coli suspension became bimodal and trimodal
over time. Clearly, the multimodal PSD reflects the hydrodynamic
size component of hematite, which interferes with the DLS mea-
surement and interpretation of the hydrodynamic size of E. coli
cells as also reported previously (23). Thus, it might be less accu-
rate to rely on DLS to characterize the hydrodynamic size changes
of E. coli cells in the presence of NPs.

Measurements of local surface potentials by KPFM. E. coli
cells have an uneven or heterogeneous surface charge distribution.
However, zeta potential reflects only the overall surface electric
property of dispersed colloidal particles. To evaluate the surface
charge heterogeneity and quantify the surface potential at the
nanoscale, we used KPFM as an alternative method to measure the
surface potentials of hematite and the untreated/treated E. coli
cells. Figure 6a shows the typical topographical image of hematite
NPs deposited on the silicon substrate. Hematite NPs were close
to spherical with a diameter of 100 	 8 nm (n � 30). The mor-
phology and size were consistent with those in our previous stud-
ies (60, 61). Figure 6b shows the surface potential image of hema-
tite NPs; the contrast is produced on the basis of the work function
difference or CPD between the tip and NPs as introduced previ-
ously (49). Hematite NPs appeared darker in color than the bare
silicon substrate background (which was grounded to 0 V), indi-
cating that hematite NPs were more negative (40). To determine
the surface potentials of individual NPs, a red dashed line was
drawn randomly across the surface potential image; the resulting
cross-sectional profile is shown in Fig. 6c. The surface potential of
hematite NPs varied with a wide distribution, as shown in Fig. S3
in the supplemental material, and showed some dependence on
particle size, a finding which was also previously observed for

quantum dots (63). The mean surface potential was approxi-
mately �800 mV with a standard deviation of 145 mV based on
measurements of 155 particles. The relation between the work
function of the conductive tip (
t) and that of the sample (
s) is
given by the equation (43) 
s � 
t � eVCPD, where e is the ele-
mentary charge (
1.6 � 10�19 coulombs) and VCPD is the CPD
or surface potential measured by KPFM. With 
t being equal to
4.91 	 0.05 eV, as indicated above, and the VCPD obtained in
Fig. 6c, the work function of hematite NPs can be calculated as
5.71 	 0.20 eV, a value which agreed well with the literature
value (57).

Similarly, we scanned E. coli cells using KPFM. Compared with
the smooth bacterial surface acquired in liquid by AFM, the topo-
graphical image of the selected single E. coli cell in Fig. 6d shows
slightly better resolution of cell surface details. For example, the
flagella attached to the surface of E. coli cells are observed in Fig. 6d
(as indicated by the arrow; see also additional images in Fig. S4 in
the supplemental material). Figure 6e presents a typical image of
the surface potential of the selected cell with the contrast slightly
lower than that of the topographical image. The cell region ap-
peared to be slightly darker than the substrate, indicating a nega-
tive surface charge for E. coli. The cross-sectional profile shows
that the surface potential of E. coli cells varied from �25 to �75
mV (n � 39), as indicated in Fig. 6f.

To compare cell surface potentials with and without hematite
treatment, E. coli cells harvested at different exposure times were
scanned by KPFM. The topographical image in Fig. 6g shows a
typical bacterial cell with some particles (hematite NPs) around it,
and the cellular morphology was still intact with an approximately
20-min exposure to hematite. With a longer exposure (i.e., 45
min), hematite-treated E. coli cells exhibited noticeable shrinkage,
as marked in Fig. 6j, which shows a typical deformed cell. The
flagella appeared to detach from the cell, and small shredded
pieces were scattered adjacent to the cell body. In contrast, the
control group images in Fig. S4 in the supplemental material show

FIG 5 Zeta potentials and hydrodynamic sizes of hematite NPs as well as untreated and hematite-treated E. coli cells in PBS with different exposure times (as
labeled on the x axis). The dashed lines are a guide for the eye.
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long, intact flagella near or attached to the cell (as indicated by the
arrows), thus ruling out possible damage from the sample prepa-
ration.

Comparisons of the surface potential images in Fig. 6e, h, and k
reveal that as exposure time increased, the E. coli cell surface be-
came darker and darker, indicative of the shift to more-negative
surface potentials, a result which agreed with the findings from the
zeta potential measurements. This is largely due to the progressive
sorption of hematite NPs. For instance, the cross-sectional pro-

files of surface potentials on randomly selected cell surfaces in Fig.
6f to l clearly show that the original E. coli cell had a surface po-
tential of less than �100 mV that gradually shifted to approxi-
mately �600 mV as hematite NPs adsorbed to the cells, as indi-
cated by the red arrows. Fig. S5 in the supplemental material
further illustrates the decreased surface potential of E. coli cells as
a function of the adsorbed mass of hematite NPs. Clearly, with
unique advantages relative to other microscopes or regular AFM,
KPFM enables us to quantify and map the surface potential of an

FIG 6 Topographical (a, d, and g), surface potential (b, e, h, and k), and phase (j) images of hematite NPs and E. coli cells generated from KPFM. Cross-sectional
profiles of surface potentials, which were generated along the dashed red lines in the surface potential images in panels b, e, h, and k, are shown in panels c, f, i,
and l, respectively.
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E. coli cell at the nanoscale, which, to our knowledge, has not yet
been extensively studied (40).

Conclusion. Currently, there is a lack of knowledge about the
potential impacts of NP exposure on the surface mechanical and
other physical properties of microbial cells, although some earlier
work indicated that the sorption of oxide NPs onto E. coli cells can
cause adverse effects (6, 24, 47, 50). In this work, we used multiple
analytical approaches to explore the physical impacts on E. coli
cells without and with exposure to hematite NPs. First, SEM and
AFM or KPFM images illustrated that E. coli cells had deformation
with possible disruption of surface appendages (flagella) based on
statistical comparisons. Second, this study examined changes in
biomechanical properties (i.e., hardness and elasticity), adhesive-
ness, and surface electrical properties of E. coli cells. With hematite
attachment, the cell surface became hardened or stiffer, as indi-
cated by the reduced indentation and the increased spring con-
stant, the cell surface became more adhesive or more attractive
toward the cantilever tip, and the cells shifted to a more-negative
surface charge, as evaluated by zeta potential and KPFM. These
changes in the biomechanical and physical properties of bacterial
cells may have implications for cellular motility, adhesion to sur-
faces, and stability. This work should provide unique insight into
the cytotoxic effects of engineered nanomaterials via imaging and
measuring physical properties.
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