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INTRODUCTION

ince the discovery of carbon nano-

tubes (CNTs) in 1991," a wide range

of current and/or future applications
of CNTs have been proposed owing to their
amazing electronic, mechanical, and struc-
tural properties.?? In recent years, the dis-
covery of antibacterial activity* has trig-
gered the exploration of environmental and
human health applications of CNTs.” Ro-
bust and regenerative purification devices
were fabricated using single-walled carbon
nanotubes (SWCNTSs) to remove the viral
and bacterial pathogen.® Hybrid compos-
ites of CNTs with other components (e.g.,
polymers or metal ions) can be effective in
inhibiting microbial attachment and bio-
fouling formation.”® Biomimetic SWCNT
coatings were applied to disinfect antimi-
crobial surfaces.’ The advent of engineered
CNTs in commercial and industrial applica-
tions raised concerns about the potential
impacts of CNTs on human health and envi-
ronmental safety.’®" '3 From a scientific
point of view, the best strategy for maximiz-
ing CNTs’ application potentials while mini-
mizing their risks, is to have a better insight
in their toxicity mechanism. Based on such
a mechanistic understanding, synthesis, pu-
rification, and functionalization procedures
can be modified to avoid the specific fea-
tures of CNTSs that cause toxicity.'

Various, sometimes even contradictory,
toxicity mechanisms have been proposed
for CNTs including interruption of trans-
membrane electron transfer, disruption/
penetration of the cell envelope, oxidation
of cell components, and production of sec-
ondary products such as dissolved heavy
metal ions or reactive oxygen species
(ROS).#1215-18 A major reason for the contra-
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ABSTRACT To further our understanding on the antibacterial activity of single-walled carbon nanotubes
(SWCNTS), high purity SWCNTs with average diameter of 0.83 nm and (7,5) chirality as dominate (n,m) structure
were dispersed in a biocompatible surfactant solution. Ultraviolet—visible —near-infrared radiation absorption
spectroscopy was employed to monitor the aggregation of SWCNTS. The results demonstrated that individually
dispersed SWCNTs were more toxic than SWCNT aggregates toward bacteria (gram-negative Escherichia coli,
Pseudomonas aeruginosa, and gram-positive Staphylococcus aureus, Bacillus subtilis). Individually dispersed
SWCNTSs can be visualized as numerous moving “nano darts” in the solution, constantly attacking the bacteria;
thereby, degrading the bacterial cell integrity and causing the cell death. Controlled experimental results
suggested that inhibiting cell growth and oxidative stress were not the major causes responsible for the death of
cells. Furthermore, the detrimental effects of Co metal residues (up to 1 png/mL) on SWCNT samples can be ruled
out. Atomic force microscope study conducted in suspension proved that the death rates of bacteria were strongly
correlated with their mechanical properties; soft cells were more vulnerable to SWCNT piercing. The antibacterial
activity of SWCNTs can be remarkably improved by enhancing the SWCNT physical puncture on bacteria in the
following ways: (1) dispersing SWCNTs individually to sharpen the nano darts; (2) increasing SWCNT concentration
to raise the population density of nano darts; and (3) elevating the shaking speed of incubation to speed up the
nano darts. This study elucidated several factors controlling the antibacterial activity of pristine SWCNTs and it
provided an insight in developing strategies that can maximize the SWCNT application potentials while minimizing

the health and environment risks.
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activity - aggregation - metal residue - atomic force microscope

dictory results obtained on CNTs may be as-
cribed to the heterogeneous nature of cur-
rent available CNT samples due to the
coexistence of many species including tran-
sition metal residues, nanosized catalyst
supports, amorphous carbon, carbon nano-
particles, graphite, carbon fibers, multi-
walled carbon nanotubes (MWCNTSs) and
SWCNTs. Toxicity of a CNT sample is de-
pendent on its composition along with its
geometry and surface functionalization.
Several studies have suggested that well-
functionalized, serum-stable CNTs are safe
to animal cells, while raw CNTs or CNTs
without functionalization show severe tox-
icity to animal or human cells at even
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moderate dosage.'®”%* The first direct evidence on the
antibacterial activity of CNTs was reported by Kang et
al.* By using high purity CNT samples with a low metal
residue content dispersed in an aqueous saline solution,
they suggested that the damage of membrane result-
ing from the direct contact with SWCNT aggregates was
likely the mechanism leading to bacterial cell death.*
They also found that SWCNTs were more toxic toward
bacteria than large diameter MWCNTs, indicating the
size (diameter) of CNTs was a key factor governing their
antibacterial activity.”® Moreover, short MWCNTSs were
more toxic when they were uncapped, debundled, and
dispersed in solution.?® Time dependence of antibacte-
rial activity of CNTs has also been reported.?” Recently,
Arias and Yang have explored the effects of buffer selec-
tion, concentration, and CNT surface functional groups
on the antibacterial activities of SWCNTs and
MWCNTSs.?® These findings implied that an improved
contact between CNTs and bacteria may lead to a supe-
rior antibacterial activity.

Because of strong — interaction, CNTs usually
bundle together in aqueous or organic solutions. One
in vitro study has previously shown that the agglomera-
tion affected MWCNT toxicity toward human cells.?
Kang et al. showed that partially debundled MWCNTs
of 4.1 um (through functionalization in a mixture of
H,SO, and HNOs) have higher bacterial toxicity than
larger MWCNT bundles of 77 wm in diameter.?6 The ag-
gregation kinetics of MWCNTSs can be examined
through time-resolved dynamic light scattering.®®
SWCNTs are much smaller in size with the average di-
ameter of 1—2 nm compared to MWCNTSs. It is reason-
able to suspect that the aggregation of SWCNTs may
also play a crucial role in controlling their antibacterial
activities. However, due to the difficulty in debundling
SWCNTSs and characterizing their aggregation state
(note that light scattering techniques may have prob-
lems in determining the aggregation due to the tiny di-
mension of SWCNT bundles), to the best of our knowl-
edge, previous studies have utilized either suspended
or deposited SWCNT aggregates in the antibacterial ac-
tivity evaluation other than individually dispersed
SWCNTs. On the other hand, the bioavailability of metal
residues (e.g., Fe'> and Ni®") on CNT samples was found
to exist at toxicologically significant concentrations de-
spite its apparent encapsulation by carbon, although a
recent study showed no correlation between residual
metal content and toxicity.?

We have previously developed a novel catalyst,
MCM-41 (a siliceous mesopores molecular sieve) sup-
ported controllable subnanometer scale Co metal clus-
ters (Co-MCM-41). It produces SWCNTs with a narrow
diameter distribution containing ca. 20 different (n,m)
nanotubes.3273* More recently, a facile centrifugation-
based purification protocol has been developed to pu-
rify SWCNTs from Co-MCM-41 catalyst.3> Purified
SWCNTSs have a purity index of 0.268, approaching the

previously estimated value (~0.325) for analytically
pure SWCNTs.%® By tuning the centrifugation forces,
SWCNT samples containing different amounts of metal
residues (ranging between 19.28 and 0.17 atom %) can
be easily obtained.?> Furthermore, surfactant molecules
adsorbed on SWCNT can be eliminated by heating the
SWCNT in air after removal of metal residues. This al-
lows redispersing “naked” SWCNTs in biocompatible
surfactants.

In this study, a comprehensive study on the antibac-
terial activity of pristine SWCNTSs was reported. Both
gram-negative bacteria (Escherichia coli and Pseudomo-
nas aeruginosa) and gram-positive bacteria (Staphylo-
coccus aureus and Bacillus subtilis) were selected as bac-
terial models. The motivation of this study was to
elucidate the effect of aggregation and metal residue
contents on the antibacterial activity of SWCNTs, and
subsequently to prove or disprove some key factors
which may influence the SWCNT antibacterial activity.
The different aggregation states of SWCNTs were
achieved by dispersing them in saline solution, Tween-
20, and sodium cholate (SC). Results showed that indi-
vidually dispersed SWCNTs in biocompatible surfactant
solutions possessed stronger antibacterial activity than
SWCNT aggregates. The cell death was caused by physi-
cal puncture of SWCNTSs, rather than inhibiting cell
growth or oxidative stress. We also proved that the an-
timicrobial properties of SWCNTs were independent of
cobalt residues remaining in SWCNT samples. Investiga-
tion on the mechanical properties of bacterial cell sur-
face by atomic force microscope (AFM) in aqueous so-
lution suggested that bacteria with softer surfaces were
more vulnerable to SWCNT piercing which resulted in
membrane damage leading to higher cell death rate.

RESULTS AND DISCUSSION

Individually Dispersed Pristine SWCNT. For many toxicity
or antibacterial activity studies on nanomaterials, the
lack of a comprehensive characterization on nanomate-
rials complicates the interpretation of experimental re-
sults. In this study, we took the advantages of controlled
SWCNT synthesis®2~3* and facile purification proce-
dure® and performed a detailed characterization on
the tube samples. In the Supporting Information, Fig-
ure ST shows the SWCNT characterization results ob-
tained by various techniques. Raman spectra in Figure
S1A display strong radial breathing mode (RBM) peaks
and G bands along with very weak D bands, suggesting
that a minimum amount of amorphous carbon and
few defects or functional groups exist on the tube
samples. It also demonstrates that our centrifugation-
based purification protocol®® does not alter the physico-
chemical properties of pristine SWCNTs. Figure S1B
shows a single peak at 420 °C on the differential ther-
mogravimetric analysis (DTG) curve in thermogravimet-
ric analysis (TGA), confirming the absence of amor-
phous or graphitic nanoparticles byproducts exist.
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Photoluminescence (PL) intensity map in Figure S1C
readily shows that individually dispersed SWCNT
samples have a narrow (n,m) distribution with an aver-
age tube diameter of 0.83 nm, the most abundant (n,m)
species is (7,5) which accounts for 45% of semiconduct-
ing tubes. When diluted SWCNT dispersions were dried
on a mica surface, AFM image in Figure S1D shows that
tubes form small bundles. The length of individual
tubes is about 1 wm. SWCNT films were also formed

by filtering the SWCNT dispersions on a membrane and
inspected by scanning electron microscope (SEM).
Larger tube bundles can be observed in the SEM im-
age from Figure S1E. Transmission electron microscope
(TEM) image from Figure S1F reveals that SWCNT
bundles have diameters ranging from 5 to 50 nm in
the deposited films. SEM and TEM results also confirm
the successful removal of carbon impurities and metal
residues.

Pristine SWCNTs would aggregate to form bundle
structures other than individually dispersed tubes in
aqueous solvent because of the w—r interaction.
Ultraviolet—visible —near-infrared radiation (UV—vis—
NIR) absorption spectroscopy is a convenient tool to
monitor the bundle formation in SWCNT dispersions.
Charge transfers among tubes in a SWCNT bundle can
quench and broaden their absorption peaks. We pro-
pose that this technique should be applied in SWCNT
toxicity studies for monitoring the aggregation state of
SWCNT samples. Simple sonication in saline solution or
buffers cannot produce stable individually dispersed
pristine SWCNTs. A soluble SWCNT sample can be ob-
tained by either covalent functionalization or noncova-
lent dispersion of SWCNT. In this study, SWCNTs were
dispersed by biocompatible surfactants (Tween-20 and
SC) because the covalent functionalization introduces
new functional groups to SWCNTs which may alter their
toxicity and antibacterial properties.?® Figure 1A shows
that clear SWCNT dispersions can be obtained right af-
ter sonication in three different solutions (Tween-20, SC,
and conventional saline as a comparison). Both Tween-
20 and SC are effective surfactants for solubilizing
SWCNTs*’ 4% because no changes were observed for
SWCNT dispersions after standing still for 2 h. On the
other hand, SWCNTs dispersed in saline solution would
aggregate, and carbon residues started depositing out
of solution once the sonication was stopped. The
SWCNT dispersions after the sonication were further
characterized using UV—vis—NIR spectroscopy, as
shown in Figure 1B. The SWCNT dispersions in Tween-
20 and SC after 2 h preserve clear and sharp absorption
peaks from both E; and Ey; transitions of SWCNTSs, sug-
gesting that most of tubes are individually dispersed
in these two solutions. In the contrast, absorption peaks
from SWCNTs originally dispersed in saline solution
completely disappear, implying that SWCNT bundles
are dominant.

www.acsnano.org

: ST
Ton‘zh 0h 2h |0h/|2h

mwer

Tween-20 sC

Absorbance

- re
.
: M
0.1

NaCl

0.0+ T T T T
400 600 800 1000 1200

Wavelength, nm

Figure 1. (A) SWCNTs dispersed in saline solution (NaCl, 0.9
wt %), Tween-20 saline solution (0.1 wt % and NaCl 0.9 wt
%), and SC (1 wt %); right after sonication (0 h) and stand-
ing still for 2 h (2 h). (B) UV—vis—NIR spectra of SWCNT dis-
persions after standing still for 2 h. The concentration of
measured SWCNT dispersions is at 20—30 pg/mL.

Biocompatibility of Surfactant Solutions. Although the sur-
factants have been demonstrated to be able to en-
hance of the dispersion of SWCNTSs, the biocompatibil-
ity of surfactant solutions has to be studied first because
they may also complicate the SWCNT antibacterial
study due to their own antibacterial activities.*' Gram-
negative bacteria (E. coli and P. aeruginosa) and gram-
positive bacteria (B. subtilis and S. aureus) were incu-
bated for 2 h with the following solutions: 0.9 wt % NaCl
(control), 0.1 wt % Tween-20 and 0.9 wt % NaCl mix-
ture, and 1 wt % SC solutions. The colony forming count
method was adopted to determine the survival rates
of bacteria. Figure 2A shows that the survival rates of
E. coli are 88.6 = 1.7% and 86.9 £ 1.0% in the control
and Tween-20 saline solution, respectively, and those of
P. aeruginosa are 88.0 = 2.0% and 88.5 = 3.6%. The sur-
vival rates in these two solutions are 87.7 = 1.8% and
87.9 = 3.2% for B. subtilis, and 90.0 = 3.6% and 90.4 =
2.2% for S. aureus. These results show that the Tween-20
saline solution has no significant impacts on the viabil-
ity of both gram-negative bacteria and gram-positive
bacteria, which is similar to a previous study® claiming
that Tween-80 can be used to disperse SWCNTs for tox-
icity studies. On the other hand, SC solution demon-
strated a strong antibacterial activity. The survival rates
of E. coli, P. aeruginosa, B. subtilis, and S. aureus are 46.5
+ 2.5%, 41.1 = 3.9%, 42.7 * 3.6%, and 50.8 * 2.8%, re-
spectively. Several previous studies have also reported
that the adsorption of SC on cell membrane may
change the membrane permeability due to the struc-
tural changes of cell membranes.*243

Antibacterial Activity of SWCNTs Dispersed in Solutions. The
antibacterial activities of SWCNTs dispersed in different
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Figure 2. (A) Cell viability measurements after incubation with different surfactant solutions. Surfactant solutions (10 mL)
were incubated with 1 mL of different bacterial suspensions (10°—107 cfu/mL) for 2 h at 37 °C (30 °C for B. subtilis), respec-
tively. Survival rates were obtained by the colony forming count method. Error bars represent the standard deviation. (B)
Death rate of bacteria after incubation with SWCNTSs dispersed in three different solutions. A 10 mL portion of SWCNT dis-
persion (5 pg/mL) was incubated with 1 mL of different bacterial suspensions (10°—107 cfu/mL) for 2 h at 250 rpm shaking
speeds, and at 37 or 30 °C. (C) Fluorescence microscope images of bacteria: (1) E. coli in 0.9 wt % NaCl control solution with-
out SWCNTSs; (2) E. coli after incubation with SWCNTSs dispersed in saline solution; (3) E. coli after incubation with SWCNTSs dis-
persed in the mixture of 0.1 wt % Tween-20 and 0.9 wt % NaCl; (4) B. subtilis in control solution without SWCNTs; (5) B. sub-
tilis after incubation with SWCNTSs dispersed in saline solution; (6) B. subtilis after incubation with SWCNT dispersion in the

Tween-20 saline solution.

solutions were evaluated first by a colony forming
count method. Figure 2B shows that SWCNTSs dispersed
in Tween-20 saline solutions exhibit high antibacterial
activities; they kill 58.1 = 5.0% of E. coli, 65.1 = 1.8% of
P. aeruginosa, 87.5 = 6.5% of B. subtilis, and 85.6 =
5.3% of S. aureus. As control experimental results,
SWCNTs dispersed in saline solutions only kill 33.8 =
4.0% of E. coli, 27.7 = 5.9% of P. aeruginosa, 53.9 = 2.8%
of B. subtilis, and 50.3 = 3.5% of S. aureus. Both saline
and Tween-20 solutions show very similar biocompati-
bility as illustrated in Figure 2A. Therefore, the remark-
ably different antibacterial activities presented in Figure
2B can be attributed to the distinct SWCNT aggrega-
tion states in these two solutions, as evidenced in Fig-
ure 1B, because numerous SWCNT aggregates were ob-
served during the incubation with bacteria in saline
solutions but not in Tween-20 saline solutions. We con-
clude that SC is not a suitable surfactant for investigat-
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ing the antibacterial activity of SWCNT samples be-
cause of the complication originating from the inherent
high antibacterial activity of SC itself, although Figure
2B suggests that SWCNTSs dispersed in SC solutions pos-
sess very high antibacterial activities. Therefore, the fol-
lowing assays in this study will focus on SWCNTs dis-
persed in Tween-20 saline solutions.

To verify the reliability of the colony forming count
method in this particular study, E. coli and B. subtilis
were chosen as models to further examine their death
rates after incubation with SWCNT dispersions by a
LIVE/DEAD BacLight bacterial viability kit (Invitrogen,
USA). Similar fluorescence dye methods have been ap-
plied in previous CNT toxicity studies.**> Membrane-
permeant SYTO 9 labels live bacteria with green fluores-
cence, and membrane-impermeant propidium iodide
(PI) labels membrane-compromised bacteria with red
fluorescence. The results in Figure 2C show that the
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Figure 3. SEM images of (A) E. coli after incubation with saline solution for 2 h without SWCNTs, (B) E. coli after incubation with SWCNTs
dispersed in the Tween-20 saline solution (0.1 wt % Tween-20 and 0.9 wt % NaCl) for 2 h, (C) P. aeruginosa without SWCNTs, (D) P. aerug-
inosa with SWCNTSs, (E) B. subtilis without SWCNTSs, (F) B. subtilis with SWCNTs, (G) S. aureus without SWCNTs, (H) S. aureus with SWCNTs.

fluorescence-based assay is in good agreement with
the results obtained by the colony forming count
method. A brief summary can be drawn from these an-
tibacterial activity results: (1) individually dispersed
SWCNTSs in Tween-20 saline solutions possess higher
antibacterial activities compared to SWCNT aggregates.
(2) SWCNT dispersions show higher antibacterial activi-
ties toward gram-positive bacteria than gram-negative
bacteria.

Destruction of Bacterial Membrane. Two intriguing ques-
tions arise from our antibacterial activity results: (1)
why individually dispersed SWCNTSs have higher anti-
bacterial activities than SWCNT aggregates and (2) why
gram-positive bacteria are more vulnerable to SWCNTs
than gram-negative bacteria. To answer these two
questions, we have to first know how SWCNTs interact
with bacteria. Several previous studies**>~%” have pro-
posed that the antibacterial activity of SWCNTSs is asso-
ciated with the damage of cell membrane upon the di-
rect contact between SWCNT aggregates and bacteria.
If the bacterial membrane is compromised, the release
of cytoplasmaic constituents, such as DNA and RNA can
be monitored by their strong UV absorption at 260
nm.* The Supporting Information, Figure S2 shows
our UV—vis study on the release of 260 nm absorbing
materials after we incubated the bacteria with SWCNTs.
The optical density (OD) ratio of a bacterium suspen-
sion with SWCNTSs to a bacterium suspension without
SWCNTs is plotted. This ratio shows a remarkable incre-
ment by a factor of 3.2 times after bacteria interacting
with SWCNTs. Two additional features are observed in
Figure S2: (1) the OD¢0nm ratios of E. coli and B. subtilis
are 1.5 —1.6 times in Tween-20 saline solutions com-
pared to in saline solutions. (2) The OD¢onm ratios of B.
subtilis are about 30% higher than those of E. coli sus-
pensions. The results from this absorption study at 260
nm are in agreement with cell viability measurements,
suggesting that the reflux of DNA and RNA correlates to
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the bacterial mortality. It also implys that the bacte-
rium death is directly associated with the damage of
bacterial membrane.

The damage of bacterial membrane was further il-
lustrated by a SEM study shown in Figure 3. E. coli, P.
aeruginosa, B. subtilis, and S. aureus in saline solutions
without SWCNTs maintain their integrity of the mem-
brane structure after 2 h incubation (Figure 3A,CE,G). In
contrast, this cellular integrity disappears when the
cells were incubated with SWCNTSs dispersed in
Tween-20 saline solutions for 2 h (Figure 3B,D, F,H).
Similar SEM images of various bacteria after incubation
with CNTs have been reported before.#?>~2 However, it
should be noted that individually dispersed SWCNTs
were employed in this antibacterial activity study which
is significantly different from the previous SEM studies
in the presence of many CNT bundles. The reason why
only few SWCNTs are visualized in our SEM images may
be because individually dispersed SWCNTs that are
1—2 nm in diameter are difficult to observe in SEM.

The Cause of Bacterial Membrane Destruction. Previous
studies have attributed the antibacterial activity of
SWCNTSs to the physical puncture of SWCNT aggre-
gates, resulting in the physical damages of the outer
membrane of the cells.*? Findings in the present study
by SEM and UV absorption at 260 nm and SEM sup-
port such an argument. We name the individually dis-
persed SWCNTs as “nano darts”, which degrade the bac-
terial cell integrity by attacking them in the solution.
However, other factors may also contribute to the bac-
terial membrane destruction, such as inhibiting cell
growth, oxidative stress, and metal residues; controlled
experiments were carried out to prove or disprove their
roles on the antibacterial activity of SWCNTSs.

The bacteria used in this study are viable and ca-
pable of growth. Thus, other than the direct physical
puncture, SWCNTs may also cause the bacterial death
by inhibiting the cell growth during the 2 h incubation.
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Figure 4. (A) Oxidation—reduction potential of SWCNTs dispersed in
saline solutions and Tween-20 saline solutions. (B) Protein oxidation
in cell extracts of E. coli and B. subtilis, and BSA by measuring thiol con-
centration; 10 mL of SWCNTSs (5 pg/mL, dispersed in the Tween-20 sa-
line solution) were incubated with 1 mL of cell suspensions (10° to
107 cfu/mL). Cell extracts containing about 2.5 pg of proteins deter-
mined by a Pierce BCA protein assay kit were used for thiol assays,
while 3 pg of BSA (diluted from 2 mg/mL concentrated solution) was
used for cell-free assays.

To evaluate this possibility, the cell growth rates in
Luria—Bertani (LB) broth and the Tween-20 saline solu-
tion were first compared. In the Supporting Informa-
tion, Figure S3A shows that both E. coli and B. subtilis
cells can grow in LB broth, while no observable cell
growth in the Tween-20 solution can be discerned. The
survival rate of bacteria (E. coli and B. subtilis) is about
88% after incubation with the Tween-20 saline solution
for 2 h (Figure 2A), indicating that most cells can sur-
vive without growth in the 2 h incubation period used
in our SWCNT antibacterial activity assays. We also in-
vestigated the effect of a typical bacterial static agent
on the cells while they were exposed to SWCNTs. Sulfa-
diazine is a bacteriotatic agent at low concentration.*>¢
It can interfere with bacterial synthesis of folic acid
needed by cell growth.*’ Sulfadiazine can inhibit
growth and reproduction of bacteria without killing
them. The death rate of bacteria during their incuba-
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tion with SWCNTs would decrease in the presence of
such a bacterial static agent in SWCNT dispersions if
SWCNTs can kill bacteria by inhibiting cell growth. We
compared the death rate of bacteria after incubation of
SWCNT dispersions with and without the presence of
sulfadiazine, as well as after incubation with sulfadiaz-
ine alone. Figure S3B of the Supporting Information
shows that bacteria incubated with sulfadiazine in the
absence of SWCNTSs had a very low death rate (<10%).
The remarkably high death rates of bacteria after incu-
bation with SWCNTSs and sulfadiazine are the same as
incubating the bacteria using SWCNT alone. These con-
trol results indicate that inhibiting cell growth by
SWCNTSs is not a major cause responsible for the death
of cells in this study.

Another possible mechanism for SWCNT antibacte-
rial activity is the oxidative stress. A SWCNT can be
sometimes considered as an extended fullerene (Cgp).
They are both made of pure carbon, and their diameters
are at a similar size. Because the oxidative stress was
identified as a major mechanism for Ce toxicity, it is rea-
sonable to suspect that oxidative stress can be one of
the major mechanisms for SWCNT antibacterial activity.
Lyon et al. have shown that fullerene exerts reactive
oxygen species (ROS) independent oxidative stress on
bacteria with the evidence of protein oxidation,
changes in cell membrane potential, and interruption of
cellular respiration.*®#° Moreover, E. coil expresses high
content of stress-related gene products after incubation
with CNTs, implying that the antibacterial activities of
CNTs may be partially contributed by oxidative stress.?®
We modified those two assays applied in the previous Cgo
studies*®®* to further investigate the possibility of SWCNT
induced oxidative stress. The oxidation—reduction po-
tentials (ORP) of SWCNT suspensions were measured
using an ORP tester (Oakton Instruments, ORPTestr 10).
A significant increase in the ORP values is expected
when the SWCNT concentration is increased, if SWCNT
is a strong oxidant. The ORP of SWCNT dispersions at
various concentrations in saline solutions and Tween-20
saline solutions was depicted in Figure 4A. Surpris-
ingly, no increase of ORP values was observed with the
increase of SWCNT concentration, suggesting SWCNT is
not a strong oxidant in our tests, which is completely
different from the results obtained on Cg, dispersed in
water.* Following the same protocol applied to the
previous Cg study,*® a thiol and sulfide quantitation kit
(Molecular Probes, Invitrogen) was also utilized to mea-
sure the loss of thiol groups (—SH) on the proteins
upon exposing cells to SWCNTs. Thiol groups exist on
both bacterial membrane proteins and cytoplasmic
proteins. Upon exposure to ROS or other oxidants, thi-
ols can be oxidized. The level of thiols in proteins is an
indication of oxidative damage to cellular components.
The SWCNT oxidation of proteins both inside and out-
side of cell membranes was assessed. As shown in Fig-
ure 4B, the cell extracts obtained from E. coli and B. sub-
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tilis after inculcating with SWCNT dispersions were
tested. The E. coli extract has 0.137 = 0.016 nmoles of
thiol in the control sample and 0.134 = 0.008 nmoles in
the SWCNT-exposed sample. Similarly, the B. subtilis ex-
tract has 0.069 = 0.014 and 0.073 = 0.016 nmoles in
the control sample and in the SWCNT-exposed sample,
respectively. The similar thiol concentrations for both
bacteria indicate that no thiol oxidation occurs after ex-
posing to SWCNTs under anoxic conditions. Compar-
ing with the previous Cg, results,*® we suggest that
SWCNTSs remain primarily outside the cell and cannot
easily enter the cell membrane to oxidize cytoplasmic
proteins. Therefore, if SWCNTs can apply a strong oxida-
tive stress on the bacteria, the oxidation would only pri-
marily occur at the membrane interface. Along this
line, we examined the oxidation of a free protein bo-
vine serum albumin (BSA) by SWCNTs in a cell-free as-
say. Figure 4B shows that the thiol concentrations are
0.047 £ 0.010 and 0.042 = 0.007 nmoles in the control
sample and in the BSA and SWCNT mixture, respec-
tively, which is fairly close to the theoretically calcu-
lated 0.045 nmoles (3 g of BSA) of the thiol in this as-
say. No oxidization of BSA by SWCNTs was observed,
suggesting that the proteins on the bacterial mem-
brane are unlikely to be oxidized by SWCNTs. Although
we cannot exclude the possibility that oxidative stress
induced by SWCNTs may partially contribute to SWCNT
antibacterial activity, it appears not to play a major
role in this study. Furthermore, it is reasonable to sug-
gest that SWCNTSs are remarkably different from Cqp in
terms of the toxicity owing to the significant difference
in the physical and chemical properties between these
two carbon materials. The large length-to-diameter as-
pect ratio of SWCNTs makes them behave more like
nano darts.

Influence of Cobalt Residues on SWCNTs. The bioavailabil-
ity of metal residues on CNT samples sometimes com-
plicates CNT toxicity studies.’>' In this study, we are ca-
pable of looking into this issue in a systematic way
because the advantages of our synthesis and purifica-
tion methods of SWCNTSs are obvious: only monometal-
lic Co was employed as the catalysts for growing
SWCNTs, and centrifugation-based purification allows
us to obtain pristine SWCNTSs containing a controllable
amount of Co metal residues.®® The antibacterial activi-
ties of SWCNT samples obtained after centrifugation at
different speeds were studied on both E. coli and B. sub-
tilis, and the results are shown in Figure 5. The cobalt
content ranging from 19.28 to 0.17 atom % was deter-
mined by SEM—energy dispersive spectroscopy (EDS).
The cobalt residue does not display impact on the
SWCNT antibacterial activity in this study because no
significant differences on their antibacterial activity
were observed among different SWCNT samples. Fur-
thermore, the UV—vis study on the release of 260 nm
absorbing materials was performed. As shown in Fig-
ure S4 in the Supporting Information, various SWCNT
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Figure 5. Antibacterial activities of SWCNTs obtained af-
ter centrifugation at different forces. SEM-EDS results in-
dicated that SWCNT samples marked as “0g” contained
19.28 atom % Co and samples marked as “120000g" con-
tained 0.17 atom %. A 10 mL portion of SWCNT disper-
sion (5 pg /mL) was incubated with 1 mL of bacterial sus-
pensions (10°—107 cfu/mL) for 2 h at 250 rpm shaking
speeds and at 37 or 30 °C.

samples show similar OD¢nm ratios. This negligible ef-
fect of cobalt residue may be because a low SWCNT
concentration (5 pg/mL) was used. It is converted into
a maximum Co concentration at approximate 1 ng/mL
(for SWCNT samples containing 19.28 atom % Co). We
also tested the antibacterial activity of saline solution
containing different amounts of Co(NOs),. The increase
of bacterial death rate can be observed only when the
Co?* concentration is 40 wg/mL or above, which is way
higher than the Co residue left in SWCNT dispersions
in this antibacterial activity study.

AFM Study of Bacteria. In this antibacterial activity study,
significant differences were observed on the death
rates of E. coli, P. aeruginosa, B. subtilis, and S. aureus.
From a solely mechanical interaction perspective, the
collision between SWCNTSs and bacteria should be sen-
sitive to mechanical properties of bacterial surfaces. We
applied AFM to investigate the cell mechanical proper-
ties in an attempt to reveal their correlation with the cell
death rates. AFM is a powerful imaging tool capable of
achieving high resolution imaging of cells as well as the
mechanical properties of surfaces. Initial AFM measure-
ment was carried out in a dry environment because it
is convenient to obtain high resolution images. In the
Supporting Information, Figure S5 panels A and B are
AFM height profiles of dried E. coli and B. subtilis on
glass slides. Before interacting with SWCNTs, both bac-
teria demonstrated smooth cell surfaces consistent with
observations in SEM. Mechanical properties of cell sur-
faces can be investigated by relating the applied force
to the indentation depth as the AFM tip is pushed onto
a soft sample.>® After obtaining AFM images, AFM tips
were pushed onto different locations on bacterial sur-
faces. The force applied was 3 nN, which did not dam-
age the bacteria because identical force—distance
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Figure 6. Typical AFM height profiles of (A) B. subtilis and (B) E. coli obtained in saline solu-

tion. Once images were taken, AFM tips were pushed onto different locations on bacterial

surfaces to obtain the force—distance curve. (C) Typical force—distance curves obtained on
glass surface, E. coli, P. aeruginosa, B. subtilis, and S. aureus.

brane of gram-negative bacteria may
have enhanced their surface stiffness.
Stiffer bacterial surfaces have higher
resistance to physical punctures by
mobile nano darts, which would re-
sult in the lower bacterial death rates.
These AFM results agree well with our
antibacterial activity results.

Enhancing SWCNT Physical Punctures on
Bacteria. We have demonstrated that
the major cause of bacterial death is
the physical puncture by SWCNTs.
Along this line, enhancing the physi-
cal puncture (both frequency and in-
tensity) on bacteria should be able to
significantly improve SWCNT antibac-
terial activity. Individually dispersed

curves can be obtained on the same location at bacte-
rial surfaces. Figure S3C shows the typical
force—distance curves obtained on glass and two bac-
terial surfaces. The cantilever deflection resulting from
the approach of the AFM tip was monitored as a func-
tion of the piezo movement.>! For a hard surface, the
slope of the linear portion of the force—distance curve
should be 1 because the AFM tip cannot induce any in-
dentation on the hard surface. The slopes of the
force—distance curves obtained on bacterial surfaces
are less than 1 because of the deformation of cell mem-
branes under force. No significant differences are ob-
served between E. coli and B. subtilis, suggesting that
the mechanical properties of E. coli and B. subtilis are
substantially similar.

Studies have found that the mechanical properties
of bacterial cells appear to vary with the relative humid-
ity.>2 Cell surfaces may undergo structural changes
when they are dried in air. It should be noted that our
antibacterial activity studies were conducted in aque-
ous solutions. To measure the mechanical properties of
cell surfaces in an environment similar to the one in
which they encounter SWCNTs, we carried the AFM
studies in aqueous solution, all the cells were kept in
0.9 wt % NaCl solutions during the entire process of
AFM imaging and force—distance curve measurements.
As shown in Figure 6A,B, bacterial cells can be imaged
in liquid with a reasonably good resolution. Figure 6C
reveals the mechanical properties of different bacterial
surfaces. The slopes of force—distance curves decrease
in the following order: glass surface > E. coli > P. aerug-
inosa > B. subtilis > S. aureus. This indicates that the sur-
faces of gram-negative bacteria E. coli and P. aerugi-
nosa are stiffer than those of gram-positive bacteria B.
subtilis and S. aureus. In general, gram-negative bacte-
ria are more resistant to antibiotics than gram-positive
bacteria because gram-negative bacteria have a com-
plex outer membrane, which, in part, excludes sub-
stances toxic to bacteria.”® The complex outer mem-
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SWCNTs are smaller in size compared
to SWCNT aggregates, and they are more mobile in so-
lution as well. Smaller size and higher mobility can en-
hance the SWCNT physical punctures on bacteria, lead-
ing to the observed superior antibacterial activity from
individually dispersed SWCNT samples. This agrees
well with previously published results?® on MWCNTSs:
debundled, short, and dispersed MWCNTs demon-
strated high antibacterial activities. Moreover, a recent
study has reported that the antibacterial activity of
SWCNT aggregates in saline solution is dependent on
SWCNT concentration and treatment time.?® We hy-
pothesize that the chance of bacteria being punctured
by SWCNTs is higher with the elevated SWCNT concen-
tration and longer incubation time, which may result
in higher cell death rates. As shown in Figure 7A, when
the concentration of individually dispersed SWCNTSs in
Tween-20 saline solutions increases from 5 to 80 g/
mL, the death rate of E. coli increases from 58.8 + 6.8%
to 89.3 = 2.7%. Small changes in the death rate were
observed when SWCNT concentrations is above 80
rg/mL, which may be because most of the bacteria
have already been killed at the 80 wg/mL of SWCNT
concentration.

The dependence of SWCNT antibacterial activity on
the SWCNT physical punctures on bacteria can be fur-
ther demonstrated by changing the shaking speed dur-
ing incubation. E. coli and B. subtilis were incubated for
2 h at various shaking speeds from 0 to 250 rpm in the
presence of SWCNTs dispersed in Tween-20 solutions.
Figure 7B shows that the death rates of both E. coli and
B. subtilis increase with the increase of shaking speeds.
A higher shaking speed remarkably enhances the mo-
bility of both SWCNTs and bacteria in a solution, there-
fore leading to a higher frequency and intensity of col-
lisions between SWCNTSs and bacteria. We propose that
more punctures on bacterial membranes result in
greater chance of membrane damages, resulting in
the increased cell death rates. The results in Figure 7
also strongly complement our suggestion that individu-
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Figure 7. (A) Antibacterial activities of SWCNT at different
concentrations: 10 mL of SWCNT (5—80 pg/mL dispersed in
Tween-20 saline solutions) was incubated with 1 mL of E. coli
dispersion (10°—107 cfu/mL). (B) Antibacterial activities of
SWCNTSs (10 mL, 5 pg/mL) after 2 h incubation with E. coli
and B. subtilis (1 mL, 10—107 cfu/mL) at different shaking
speeds.

ally dispersed SWCNTs have a better antibacterial activ-
ity than SWCNT aggregates because individual SWCNTs
are more mobile in the solution which enhances their
physical punctures on bacteria.

MATERIALS AND METHODS

Synthesis and Purification of SWCNTs. Co-MCM-41 catalysts were
synthesized following procedures described in previous
publications.>*~>¢ Typically, 100 mg of catalysts were reduced at
500 °C under hydrogen first, and then carbon monoxide decom-
position was carried out at 800 °C for SWCNT growth.3273* In
this study, we used the centrifugation-based purification proto-
col developed early.® Briefly, MCM-41 silica supports were re-
moved from as-synthesized SWCNTSs by refluxing in 1 M NaOH
twice. Without any further treatment, SWCNTs were suspended
in 2 wt % SC (SigmaUltra) aqueous solution and sonicated using
a cup-horn sonicator (SONICS, VCX-130) at 20 W for 30 min. Af-
ter sonication, the suspension was centrifuged for 1 h at the
force of 120000g. Subsequently, stable and semitransparent
SWCNT supernatants were obtained. SWCNT supernatants were
then filtered on filter membranes (25 nm mixed cellulose ester
membrane, Millipore). After washing by deionized water, SWCNT
solid powders were collected from the membranes. Further heat-
ing process was performed in a tube furnace under air at 350
°C for 30 min to remove adsorbed surfactant molecules from
SWCNT surface.
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CONCLUSION

Antibacterial activity of SWCNTSs on various bacteria
was investigated using pristine SWCNTs produced from
Co-MCM-41 catalyst and purified by a centrifugation-
based method. High-purity SWCNT samples helped to
eliminate the possible contamination caused by impu-
rities such as MWCNTs and amorphous and graphitic
carbon nanoparticles. UV—vis—NIR absorption spectra
confirmed the aggregation state can be regulated by
dispersing SWCNTs in different solutions. Both the
colony forming count method and the live/dead viabil-
ity assay demonstrated that individually dispersed
SWCNTs showed a higher antibacterial activity com-
pared to SWCNT aggregates. SWCNT dispersions also
exhibited higher antibacterial activity toward gram-
positive bacteria (B. subtilis and S. aureus) than gram-
negative bacteria (E. coli and P. aeruginosa). UV —vis
absorption spectroscopy study at 260 nm and SEM
images revealed that the bacterium death was re-
lated to the destruction of bacterial membrane.
SWCNTSs can be visualized as moving nano darts in
a solution, attacking the bacteria, thereby degrading
the bacterial cell integrity and causing the cell death.
In this study, results also evidenced that inhibiting
cell growth and oxidative stress were not the major
reasons responsible for the SWCNT antibacterial ac-
tivity. Co metal residues (up to 1 wg/mL) remaining
on SWCNT samples had no detrimental effects on
the antibacterial activity. AFM results obtained in
aqueous solution showed that the mechanical prop-
erties of bacteria agreed with our antibacterial activ-
ity results, stiffer bacteria were more resistant
against physical punctures by SWCNTSs. Lastly,
SWCNT antibacterial activity can be further im-
proved by enhancing the SWCNT physical punc-
tures on bacteria through individually dispersing
SWCNTs, increasing SWCNT concentration, and el-
evating shaking speed during incubation.

Characterization of SWCNTs. Physical and chemical properties of
SWCNT samples were characterized by various techniques in-
cluding Raman spectroscopy, TGA, PLE, and UV—vis—NIR ab-
sorption spectroscopy, AFM, TEM, and SEM. Raman spectra were
collected via a Renishaw Ramanscope in the backscattering con-
figuration using 633 nm (1.96 eV) and 514 nm (2.41 eV) laser
wavelengths over five random spots on SWCNT solid powers be-
fore dispersing them in solutions. TGA was performed with Perk-
inEImer Diamond TG/DTA Instruments. A SWCNT sample was
placed in an alumina pan in the 200 sccm air flow. The sample
was heated to 105 °C at a quick ramp and soaked at the temper-
ature for 10 min to remove remaining moisture. Then the sample
was heated up to 1025 °C at a 10 °C/min ramp. To correct the
TGA profile, the process was repeated after the system was
cooled to room temperature to collect data serving as the base-
line. Photoluminescence excitation spectroscopy (PLE) measure-
ment was performed on a Jobin-Yvon Nanolog-3 spectrofluo-
rometer with an InGsAs detector. UV—vis—NIR absorption was
conducted in the transmission mode on a Varian Cary 5000
UV —vis—NIR spectrophotometer using a 10 mm light path
quartz cuvette. AFM measurement was conducted on a MFP3D
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microscope (Asylum Research, Santa Barbara, CA) with a cantile-
ver (Arrow NC, Nanoworld) in AC mode. A drop of SWCNT disper-
sion was dropcasted on a freshly cut mica surface followed by
drying and rinsing of deionized water for AFM. TEM images of
SWCNTSs were taken by a Tecnai F20 200 kV microscope from
Philips. SEM observations were carried out on a JEOL field-
emission scanning electron microscope, model JSM-6700F.

Cell Preparation. Gram-negative bacteria E. coli (ATCC 25404), P.
aeruginosa (ATCC 9027), and gram-positive bacteria B. subtilis
(ATCC 6051), S. aureus (ATCC 6538) were chosen as the model or-
ganisms for antibacterial activity experiments. E. coli, P. aerugi-
nosa, and S. aureus were grown in LB broth at 37 °C, and B.
subtilis were grown at 30 °C. Cells were harvested in the mi-
dexponential growth phase. The cultures harvested in the mi-
dexponential growth phase were centrifuged at 6000 rpm
for 10 min to pellet the cells, and the cell pellets were washed
three times with saline solution to remove residual macro-
molecules and other growth medium constituents. The pel-
lets were then resuspended in a saline solution. Bacterial sus-
pensions were diluted to obtain cell samples containing
106—107 colony forming units (cfu/mL).

Measurements of Bacterial Activity. Antimicrobial activities of
SWCNT samples have been investigated against E. coli, P. aerugi-
nosa, S. aureus, and B. subtilis. Purified SWCNT solid samples (5
rg/mL) were first dispersed in saline solution (0.9 wt % NaCl),
Tween-20 saline solution (0.1 wt % Tween-20 and 0.9 wt % NaCl),
and SC solution (1 wt % SC) by sonication using a cup-horn son-
icator (SONICS, VCX-130) at 20 W for 1 h. Clear SWCNT disper-
sions were obtained after sonication. A 10 mL portion of SWCNT
dispersion (5 pg/mL) was incubated with 1 mL of bacterial sus-
pensions (10°—107 cfu/mL) for 2 h (at 0—250 rpm shaking
speeds) at 37 or 30 °C, respectively. The antimicrobial evalua-
tions were carried out by a colony forming count method and a
live/dead viability assay (Invitrogen, USA). For the colony forming
count method, 100 pL serial 10-fold dilutions with saline solu-
tion were spread onto LB plates and left to grow overnight at 37
or 30 °C. Colonies were counted and compared with control
plates to calculate percentage growth inhibition. All treatments
were prepared in duplicate and repeated on at least three sepa-
rate occasions. Death rate % = (counts of control — counts of
samples incubated with SWCNTSs)/counts of control. The death
rates obtained in the colony forming count method were further
verified by the live/dead viability assay. Propidium iodide (PI)
and SYTO 9 stock solutions from the assay kit were combined
with an equal volume of E. coli or B. subtilis suspension. The mix-
tures were incubated at room temperature in the dark for 15
min and then observed under an epifluorescence microscope
(Zeiss Axiovert 200). The death rate of bacteria was taken as the
number of bacteria stained with PI (dead bacteria) divided by the
number of bacteria stained with Pl plus SYTO 9 (total bacteria).

Integrity of Cell Membranes. Bacterial cell membrane integrity
was examined by UV spectroscopy at 260 nm. If the bacteria
membrane is disrupted, release of cell cytoplasmic constituents
can be surveiled. The amount of DNA and RNA released from the
cytoplasm can be estimated by the detection of absorbance at
260 nm.* After 2 h incubation with 5 ug/mL SWCNTs, the bacte-
rial suspensions were then immediately filtered with 0.22 um sy-
ringe filters to remove the bacteria. The supernatant was then di-
luted appropriately, and optical density at 260 nm was recorded.

Cell Morphology Observation. The morphological changes of E.
coli, P. aeruginosa, S. aureus, and B. subtilis were investigated by
SEM. Bacterial suspensions were condensed by centrifugation at
6000 rpm, 4 °C, and quickly fixed with 2% glutaraldehyde and
1% osmium tetroxide. Then the cells were dehydrated with se-
quential treatment with 30, 50, 70, 80, 90, and 100% ethanol for
15 min; 10 L of dehydrated cells were dropped on a glass slide
to dry at room temperature. The dried samples were sputter-
coated with gold for SEM.

0D Growth. For OD growth curve measurements, 100 p.L of E.
coli or B. subtilis (108—10° cfu/mL) were mixed with 900 p.L of
LB broth or Tween-20 saline solutions (0.1 wt % Tween-20 and
0.9 wt % NaCl). Cell samples were then incubated at 37 or 30 °C
in 24-well cell culture plates. Cell growth was monitored by mea-
suring the OD at 600 nm every hour on a Benchmark Plus micro-
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plate spectrophotometer. The growth curves were obtained by
plotting OD values vs growth time.

Impact of Bacteriostatic Agent. Sulfadiazine was dissolved in a
mixture of methanol and acetone (1:1) at 10 mg/mL;*” 50 pg of
sulfadiazine (5 pL of the 10 mg/mL solution) was added into the
mixture of 1 mL bacterial suspensions (E. coli or B. subtilis,
105—107 cfu/mL) and 10 mL SWCNT dispersion (5 pg/mL). The
bacterial suspensions were then incubated for 2 h at 37 or 30 °C.
In control experiments, 50 g of sulfadiazine was added into 1
mL of bacterial suspensions (E. coli or B. subtilis, 10° to 107 cfu/
mL) and 10 mL of Tween-20 saline solutions without the pres-
ence of SWCNTSs. The antimicrobial death rates were determined
by the colony forming count method.

Oxidation —Reduction Potential of SWCNT Dispersions. The ORP of
SWCNT dispersions were measured using an ORP tester (Oak-
ton Instruments, ORPTestr 10). Each tested sample was purged
with nitrogen for 15 min prior to reading. SWCNT dispersions at
various concentrations in saline solutions (0.9 wt % NaCl) and the
Tween-20 saline solutions (0.1 wt % Tween-20 and 0.9 wt %
NaCl) were measured 3—5 times to obtain the standard
deviation.

Monitoring Oxidation of Cellular Components. A Thiol and Sulfide
Quantitation Kit (Molecular Probes, Invitrogen) was used to mea-
sure the level of thiols in proteins. Two sets of assays were per-
formed to assess the SWCNT oxidation of proteins both in and
out of cell membranes. For cytoplasmic proteins, 10 mL of
SWCNT dispersions (5 pg/mL in the Tween-20 saline solution)
were incubated with 1 mL of E. coli or B. subtilis (106—107 cfu/
mL) suspensions for 2 h at 37 or 30 °C. The mixtures were centri-
fuged at 6000 rpm for 10 min to pellet the cells, and the cell pel-
lets were washed three times with saline solutions. The cell
pellets were then resuspended in saline solutions. In a glovebox
(SYS1—2GB, Innovative Technology), cells are lysed by sonica-
tion (SONICS, VCX-130) at 20 W for 1 min. Supernatants obtained
after centrifugation were transferred to fresh tubes. About 2.5
g of proteins were used for each Thiol assay. The protein con-
centrations in cell extracts were determined by a Pierce BCA pro-
tein assay kit. For cell-free assays, SWCNT dispersions (5 g /mL)
were incubated with bovine serum albumin (BSA) solutions (di-
luted from 2 mg/mL concentrated solutions by Bio-Rad Quick
Start, 1 thiol group per protein, total 3 g of proteins). For each
assay, a negative control was incubated with Tween-20 saline so-
lutions and a positive control was incubated with 5 mM tert-
butylhydroperoxide in Tween-20 saline solutions. All solutions
used for thiol determination were degassed in a vacuum oven
<1 Torr (DZF-6053, Shanghai Yiheng Instruments). The thiol as-
says were conducted in a microplate format as described in the
kit manufacturer’s protocol. The thiol concentration in samples
was shown in nmols.

Mechanical Properties of Bacterial Membranes. E. coli, P. aeruginosa,
S. aureus, and B. subtilis were studied by AFM in saline solution
(0.9 wt % NaCl). Glass slides were chosen as substrates and
cleaned with alcohol, acetone, and deionized water; 10 pL of
poly(t-lysine) solution was dropped in the middle of clean glass
sides and dried in room temperature to facilitate the immobiliza-
tion of cells on the glass surface.”® The harvested bacteria were
washed with saline solutions as described previously. Bacterial
suspensions (50 L) were drop-casted on a treated glass slide
and allowed to sit for 20 min to allow cells to anchor on the sur-
face.’® AFM images were conducted on the MFP3D microscope
in contact mode using Silicon probes (ContAl-G from Budget
Sensors, tip radius <10 nm). The position and shape of the bac-
teria were first identified on AFM images. To acquire
force—distance curves, the sensitivity calibration of AFM probes
was performed first before force measurement. At least 10 ran-
dom locations on the same bacteria were selected to record the
force—distance curves. The force curves were obtained with a
constant tip approach velocity of 200 nm/s, and AFM tips were
pressed against bacteria until the force reached the set point of
3 nN. For AFM imaging in a dry environment, 10 pL of washed
bacterial suspension were dropped onto clean glass slides and
air dried at room temperature. AFM images were conducted in
tapping mode using Silicon probes (NCH from Nano World).
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