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ARTICLE INFO ABSTRACT

Gaps in our understanding of the natural ecology and survival mechanisms of pathogenic bacteria in complex
microenvironments such as soil typically occur due to the difficulty in characterizing biochemical profiles and
morphological characteristics as they exist in environmental samples. Conversely, accurate simulation of the
abiotic and biotic chemistries of soil habitats within the laboratory is often a significant challenge. Herein, we
present the fabrication of customizable and precisely engineered 3D printed diffusion chambers that can be used
to incubate bacterial cultures directly in soil matrices within a controlled laboratory experiment, and study the
dynamics between bacterial cells and soil components. As part of the design process, different types of 3D
printing materials were evaluated for ease of sterilization, structural integrity throughout the experiment, as well
as cost/ease of production. To demonstrate potential applications for environmental studies, the diffusion
chamber was used to incubate cultures of Bacillus cereus T-strain and Escherichia coli strain 0157 directly in soil
matrices. We show that the chamber facilitates diffusion of abiotic/biotic components of the soil with target cells
without contamination from in situ microbial communities, while allowing for single cell and ensemble level
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phenotypic analyses of bacteria cultured with and without soil matrices.

1. Introduction

Examining the interactions between microorganisms and environ-
mental matrices in situ continues to be a long standing goal in microbial
ecology. For many organisms, propagation using conventional cultiva-
tion techniques is difficult, or even impossible in such environmental
matrices. Conversely, simulating natural environments in the labora-
tory for controlled studies is often technically and logistically challen-
ging. One strategy to overcome this is to incubate target organisms
within specialized chambers that allow for small non-microbial con-
stituents (i.e. < 0.2 um) to diffuse inside, while preventing the organ-
isms themselves from leaving the chamber. There have been earlier
reports using diffusion chambers to study uncultivable bacteria in en-
vironments ranging from soil (Gavrish et al., 2008; Nichols et al., 2010),
to permafrost (Goordial et al., 2017), and seawater (Kaeberlein et al.,
2002). Other studies have used diffusion chambers to study microbial
survival of microorganisms in similar matrices (McFeters and Stuart,
1972; Vasconcelos and Swartz, 1976). However, in these cases, the
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specific design and fabrication of the chamber varied with the objec-
tives of the study (i.e., single cell manipulation or aggregate survival),
as well as the target environmental matrix.

While most approaches have focused on using diffusion chambers to
study typically uncultivable organisms, an unexplored application of
diffusion chambers lies in investigating the natural ecology and survival
mechanisms of cultivable bacterial pathogens outside of traditional
hosts or transmission factors. For instance, for pathogens such as
Bacillus anthracis (causative agent of anthrax) and Bacillus cereus (food
poisoning), soil has long been recognized as an important reservoir for
spores as well as to facilitate transmission to animal vectors (Turnbull,
2002). Yet, there are potentially complex aspects of the germination/
sporulation life cycle that are only recently being investigated (Dey
et al., 2012; Schuch and Fischetti, 2009). This is likely owing to the
difficulty in accurately simulating abiotic and biotic chemistries of soil
habitats within the laboratory (Vilain et al., 2006). Such challenges are
amplified if these systems are to be studied in “natural” conditions. For
gram-negative pathogens such as Yersinia pestis, environmental
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matrices such as soil may be an important reservoir contributing to the
persistence of natural plague foci and its episodic re-emergence in many
parts of the world. Although survival directly in soil has been docu-
mented at contaminated field sites as well as in laboratory studies
(Eisen et al., 2008; Malek et al., 2017), remarkably little is known about
the phenotypic changes that may allow the organisms to survive in such
challenging environments. DNA-based surveys have long been used to
characterize the abundance and persistence of bacterial pathogens in
soil matrices (Campbell et al., 2001; Cheun et al., 2003). However,
genetic approaches often provide limited information as to the struc-
tural and/or physiological changes that may occur within bacterial
pathogens within natural matrices such as soil. As an example, cell size
is an important phenotypic characteristic of soil microorganisms that
changes in response to limited nutrient availability for endemic soil
organisms (Bakken and Olsen, 1987; Portillo et al., 2013). Although
bacterial pathogens such as Y. pestis, have also been shown to modulate
cell size in response to nutrient limited regimes (Pawlowski et al.,
2011), this phenotypic transition has not been explicitly investigated
for most pathogens within soil matrices. This is due in part, to the
sampling requirements for many chemical profiling techniques for
bacteria (e.g., proteomics (Nozadze et al., 2015), fatty acid composition
(Tan et al., 2010)), coupled with the limited number of techniques for
propagating, and then harvesting organisms from environmentally-re-
levant matrices. The recovery of sufficient numbers of cells (un-
contaminated by other bacterial populations) from such environmental
studies continues to remain a challenge. The fabrication of new kinds of
cell culture chambers that can provide habitats for the controlled ex-
posure of external effectors can be of great importance in such in-
vestigations.

In this study we present the design and fabrication of a 3D printed
diffusion chamber for studying whole cell phenotypes of bacterial pa-
thogens under complex chemical microenvironments within the la-
boratory created from incubation in soil matrices. We investigate
Bacillus cereus T-strain (BcT) and Escherichia coli 0157:H7 (sub-strain
11,175) as avirulent surrogates for gram positive and gram negative
bacterial pathogens, and follow the exposure of soil matrices to such
bacteria cultivated within 3D printed growth chambers. We show how
the chamber allows for inoculation and harvesting of large numbers of
cells for downstream phenotypic analysis. Techniques such as fatty acid
profiling (ensemble) and atomic force microscopy (AFM) (single cell)
are then used to study the cells obtained from the culture chambers,
from a biochemical and morphological perspective. Importantly, the
presence of the chamber itself does not affect the cell culture, thereby
providing an inbuilt control to study specific external factors. Unlike
previously reported devices, we show how 3D printing can be used to
custom fabricate these diffusion chambers. This has the potential to
offer a durable and low-cost device that can be rapidly and easily
manufactured in an ‘on demand’ fashion. Such 3D printed incubation
chambers therefore present a new way to study microbial pathogens for
laboratory studies of environmental simulation of in situ processes, and
largescale field studies.

2. Methods
2.1. 3D printed incubation chamber

Initially different types of 3D printing materials were investigated:
polyamide nylon plastic, stainless steel alloy (60% stainless steel and
40% bronze alloy), polylactic acid, and resin. Chambers with PLA,
stainless steel, and nylon plastic materials were printed at Shapeways
Inc. (New York, NY). Resin chambers were printed in house using a
Form 2 resin printer (Formlabs Inc., Somerville, MA). In the embodi-
ment of the design used in this study, the chamber is fabricated to hold
three small agar plugs (40 mm diameter) as the substrate for bacterial
inoculation. The agar plugs are held in place by two identical lid pieces
with gridded meshes. The 3D model is shown in Fig. 1 and is available
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Fig. 1. (a) Diffusion chamber design (b) Diffusion chambers 3D printed in four
different materials: (i) stainless steel, (ii) polyamide nylon plastic, (iii) resin,
(iv) polylactic acid.

as an .stl file for download
28acle46c8ddcf2f7d27).

After printing, the three chamber pieces were autoclaved (121 °C,
15 min gravity cycle, jacket pressure 15 psi) and allowed to cool before
assembly. Polyethersulfone (PES) membrane filters with 0.03 um pore
size and 60 mm diameter (Sterlitech Corporation, Kent, WA) were fixed
to the inside of each lid piece with silicone sealant and allowed to cure
for at least four hours. Next, three 40 mm agar plugs were placed inside
the inner chamber piece. After inoculating bacteria onto the plugs, the
lid pieces were placed above/below the plug assembly. The outer edge
was then wrapped in parafilm before incubation within any given
matrix (i.e. controlled microenvironment).

As an initial test that the chamber apparatus prevented in situ soil
microorganisms from colonizing the agar plugs while still permitting
diffusion of chemical components, un-inoculated plugs were sealed
inside a series of chambers that were incubated directly in a soil matrix
for at least three days. The soil matrix consisted of ~500 g of top soil
(upper 5cm) representing a mixture of organic material and mineral
substrates (i.e., O and A soil horizons). This also corresponds with the
primary layer(s) of soil with the highest levels of microbial activity and
bioturbation and also corresponds to regions where pathogens like
B.anthracis can persist outside of host. The soil had a deep brown color
and a fine sandy loam texture. Quantification of organic matter in soil
subsamples was performed using a combustion method (Schumacher,
2002). Results showed organic content ranged between ~5%-10%.
After chambers were placed within the soil matrix, deionized water was
added to the soil to reach a final water content of 50% within the
matrix.

After each incubation period, the plugs were removed from the
chamber, and vortexed directly with 5ml of Tryptic Soy Broth (TSB).
The entire broth solution was then plated onto five Tryptic Soy Agar
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(TSA) plates (1 ml each) and incubated for 72h at 30 °C. No colonies
were observed on TSA plates. In a subsequent test, uninoculated plugs
within a chamber was immersed in a soil matrix and 15ml of blue-
green coloring dye was added to the soil. The chamber with soil was
then incubated at 30 °C for 48 h. Following incubation, the agar plugs
were removed from the chamber and were observed to be stained with
the blue-green dye (Fig. S1; Supplemental Data). Additional experi-
ments to test the permeability of the growth chamber to chemical
components of the soil involved adding mammalian blood products to
the surrounding soil matrix, and are described below.

2.2. Culturing conditions and viability assays

Testing and development of the chamber was accomplished with
two different organisms: Bacillus cereus T-strain (BcT) and Escherichia
coli 0157 (sub-strain 11,175). These organisms were chosen due to
their structural, genetic, and biochemical similarity to known gram
positive and gram negative human pathogens, i.e., Bacillus anthracis
(Helgason et al., 2000) and E.coli 0157: H7 (Lim et al., 2010). Because
both study organisms are avirulent and classified as Biosafety Level 1,
this facilitated easy downstream analyses of single cells using atomic
force microscopy (AFM) for this study. BcT and E.coli organisms were
cultivated independently using separate growth chambers and soil
matrices. E. coli cultures were initially grown on Tryptic Soy Agar plates
(ThermoFisher Scientific, Waltham MA) for 24 h at 37 °C. B. cereus were
grown on TSA plates for 24 h at 30 °C. For both organisms, one loopful
(~10ul) of each transferred to each agar plug within the growth
chamber (Fig. S1). TSA was used as inoculation substrate within the
chamber. For BcT chamber culturing experiments, 20 ml of defibrinated
sheep's blood (ThermoFisher Scientific, Waltham, MA) was added to the
soil matrix to test whether lipid components of the blood could diffuse
through the chamber apparatus and associate with the bacterial cul-
tures.

Viability of organisms before and after incubation in the chamber
was assessed through plate counts on TSA. Starting cell solutions were
created by harvesting one loopful (~10 pl) of bacterial colonies from an
overnight TSA culture were resuspended in 5 ml of 1 X PBS. Next, 20 pl
of this starting cell solution was spread onto each agar plug. After in-
cubation, agar plugs were mixed with 5ml 1 x PBS. Serial dilutions of
this cell solution as well as the starter cell solution were then inoculated
onto TSA plates (20 pl each). Colonies were counted after incubation for
48h at 30°C.

2.3. Fatty acid profiling

Fatty acid profiles for all bacterial samples were generated using the
‘Instant FAME’ Method following manufacturer's instructions (MIDI Inc.
Newark, DE). The protocol utilizes a set of three reagents (part no.
7020; MIDI, Inc., Newark, DE) to extract fatty acids, derivatize to me-
thyl esters, and separate into an organic phase prior to GC analysis.
Briefly, ~1 loopful of biomass was added to 250 pl of ‘Reagent 1’ (KOH-
MeOH solution), and vortexed vigorously for five seconds. Next, 125 pl
of analytical grade hexane is added followed by another five second
vortex. Lastly, 250 pl of ‘Reagent 3’ (colored aqueous solution) is added
to the mixture to enhance the boundary between organic and aqueous
phases. Approximately 100 pul of hexane is removed from the top layer

Table 1
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and transferred to a new GC vial. Fatty acids were then analyzed with
an Agilent 7890A gas chromatograph (GC) using the MIDI Microbial
Identification Sherlock software according to the manufacturer's in-
structions. MIDI calibration standards were used (part no. 1300-C) for
identification and quantification of fatty acid peaks.

2.4. Atomic force microscopy

All cells were inactivated using previously reported methanol pro-
tocols (Wang et al., 2016). For force spectroscopy, cells were chemically
immobilized using APTES and glutaraldehyde on freshly cleaved mica.
Briefly, mica slides were incubated in APTES vapor in a vacuum de-
siccator for 16 h, immersed in 1 ml 2% (v/v) glutaraldehyde water so-
lution for 1h and then rinsed with deionized water. 30 pl of cell sus-
pensions in water (from the chamber cultures) was pipetted out on the
modified mica surfaces. Soft gold-coated cantilevers (TR800PB) (spring
constant ~0.2 N/m, resonance frequency 40 kHz) and AC 240TS can-
tilevers (spring constant ~2N/m, resonance frequency 70 kHz) were
used for imaging in air and characterization of the surfaces in non-
contact mode. Image analysis was performed using IgorPro and Image J
software.

3. Results and discussion

3D printing is rapidly emerging as a valuable tool in scientific in-
vestigations. It provides a way to fabricate customizable, on demand
devices due to computer aided design, automated, assembly-free fab-
rication, low cost, and high throughput (Bhattacharjee et al., 2016).
However, its use in microbiology and specifically, the fabrication of cell
culture devices has not been widely shown. In this study, we demon-
strate how a 3D printed diffusion chamber provides an effective device
for the culture of cell populations in controlled environments. In ad-
dition to the simplicity of creating geometries and controlling the de-
vice parameters (e.g. diffusion), it offers the advantage of rapidly
moving from design to a finished prototype for use by researchers. The
design of the chambers is intended to incubate target organisms, al-
lowing for small non-microbial constituents (i.e. < 0.2 um) to diffuse
inside, while preventing the organisms from leaving the chamber. The
number and geometry of the chambers can be easily controlled. Note
that the diffusion of the non-microbial constituents can be easily tuned
by changing the pore size of the mesh.

3.1. Material selection

Initially, four different printing materials were evaluated for pro-
duction of the diffusion chamber; polylactic acid (PLA), resin, poly-
amide nylon plastic, and stainless steel (Fig. 1b). These materials were
chosen as common materials that are available to use with a wide range
of commercially available 3D printers. The properties of these materials
are discussed in Table 1. While all materials were suitable at providing
the resolution and moldability to form devices, it is important to test if
they can be sterilized for cell culture. As shown earlier using 3D printed
thermoplastics, with appropriate handling, these devices are capable of
producing sterile components from a non-sterile feedstock (Neches
et al., 2016). PLA and resin chambers showed lower heat stability and
could not be autoclaved without affecting the physical integrity of

Characteristics and properties of 3-D printed materials tested for incubation chamber experiments.

Materials/properties 60% Stainless steel 40%Bronze Alloy Polyamide Resin PLA (Polylactic acid)
Flexibility None Moderate Low Very Little

Heat tolerance High ~831°C Low /Moderate ~80 °C -160 °C Low ~100°C Low ~110°C

Cost Moderate/High Low Moderate/High Low

Sterilization Moderate Good Poor Poor

10
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Fig. 2. Inoculation and incubation of diffusion chamber. For these experiments, two of the agar plugs are inoculated with either B. cereus or E. coli cells. The third
plug is not inoculated and serves as a quality control check for microbial contamination from the surrounding matrix (top image). Chamber can be fully immersed
within soil matrix (bottom left). For comparison, organisms were also cultivated in the chamber without a surrounding soil matrix (bottom right).

Table 2

Fatty acid composition of E.coli 0157 grown on TSA within and without diffusion chamber.”

16:1w7c/wbe 16:0 17:0 cyclo 18:1 w7¢ 18:0 19:0 cyclo w8¢
TSA in chamber (no soil) 5.4 * 0.6 29.8 * 6.2 6.4 * 4.8 29.6 + 10.6 23 * 1.3 127 + 3.2
TSA in chamber (soil) 7.9 = 3.0 319 £ 1.9 13.2 + 5.0 33.0 = 7.0 1.7 + 0.6 6.9 * 3.6
TSA plate no chamber 4.0 £ 0.9 28.0 = 2.4 153 + 0.5 29.9 + 31 1.4 £ 0.2 131 + 3.8

@ Relative abundance values represent an average of three replicate batch cultures and three GC replicates (n = 9). Standard deviation given for each average

value.

individual pieces. In contrast, chambers printed using stainless steel or
polyamide nylon were mechanically robust enough to be autoclave
sterilized. Immersion in 70% ethanol for 15 min was also tested as a
method to sterilize PLA and resin chambers following previous reports
(Smith et al., 2011). It was found that microbes could still be recovered
from both chamber surfaces after immersion in ethanol for up to
30min. Although additional sterilization procedures were not ex-
amined for PLA and resin, other approaches such as ethylene oxide gas
or gamma radiation may prove more effective for these printing ma-
terials. For stainless steel chambers, corrosion pits were observed across
each chamber component after multiple uses and autoclave sterilization
cycles, precluding its use. Therefore, nylon filament was used as the
material of choice for all growth chambers in this study. Initial testing
using chambers with sterile agar plugs incubated directly in environ-
mental soil matrix showed no evidence of contamination from in situ
microbial communities within the chamber. Additionally, colored dyes

11

added to the soil matrix during incubation indicated diffusion of che-
mical components through the chamber and to the agar plugs (Fig. S1;
Supplemental Data).

To investigate the utility of the diffusion chamber for studying the
phenotypic transitions of bacterial pathogens in the presence of soil
matrix, two different organisms were inoculated in the chamber in se-
parate experiments- E.coli O157 and B.cereus T-strain (BcT). The
chamber was then completely immersed within a soil matrix (Fig. 2).
After 48 h, organisms were recovered from the chamber and subjected
to fatty acid profiling using GC and morphological analysis using AFM.
The effect that the incubation chamber had on organism viability was
investigated through enumeration of colony forming units before and
after incubation. Results for three experimental replicates of E.coli and
B. cereus showed no systematic change between the starting number of
viable organisms added to each agar plug and the number of organisms
recovered from each chamber setup, with at least 10° organisms
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Llesz recovered following incubation (Table S1; Supplemental Data). For
N each organism, only one replicate trial showed lower numbers of viable
§ i cells after chamber incubation compared to the starting cell solution.
Further, no clear differences were observed between the number of
ol =3 organisms recovered from chambers immersed in the soil matrix from
E i fl j either chambers incubated without soil, or from agar plugs incubated
T oan without the chamber. Differences across culturing replicates may be
D due in part to heterogeneity among agar plugs and the difficulty
.| 282 spreading cell solutions evenly over a limited area of agar. This could be
ﬁ HoH A an important factor when executing viability/CFU assays using this
N 32 apparatus, particularly for experiments investigating the stability of
target organisms over longer periods of time.
Lé ]
2 i i fl 3.2. Fatty acid profiling
K| 2xo | g
“pye- S Fatty acid profiles of E.coli cultured on TSA within the diffusion
8 g chamber without a surrounding soil matrix were similar to E.coli har-
ERENGEY g vested from a standard TSA plate (Table 2) across several of the most
8 i : T, z abundant FAME biomarkers including 16:1 w7c, 16:0, 18:1 w7c, 18:0,
E ©ed § and 19:0 cyclo w8c (Table 2). The only marked difference observed was
> in the abundance of 17:0 cyclo (6.4 * 4.8 for chamber and 15.3 = 0.5
w2 a “E for TSA). Additionally, certain fatty acids showed more variability be-
: HH |2 tween culture replicates in TSA growth chamber samples compared to
S| 228 ;o TSA plates (e.g., 16:0, 17:0 cyclo; 18:1 w7c). These differences between
B % growth on TSA with and without the chamber may be largely a function
338 |% of the available surface area of the agar in each culture; 40 mm dia-
HOoH E meter agar plug within the chamber and 100 mm diameter agar in a
i% Ses g standard media plate. Since less biomass is harvested from agar plugs
§ within the chamber, these samples may exhibit more phenotypic het-
o S8 3 2 erogeneity compared to standard TSA plates, where phenotypic differ-
g | HHH CIT ences are likely to be mitigated by harvesting biomass across a larger
SlEna ) area prior to fatty acid extraction and profiling (Jeanson et al., 2015).
fow | 8 . Comparison of fatty acid profiles between cultures grown in the
gl - | 8§73 diffusion chamber with and without surrounding soil matrix showed

533' E :: 2 ;' TQ*E similar abundance of 16:0, 18:1 w7c, and 18:0 biomarkers (Table 2).

Elm | e Q 9 Cultures grown with soil matrix were slightly enriched in 17:0 cyclo

i:: sz |3 %“ and depleted in 19:0 cyclo w7c, in comparison to cultures grown

Sl &l yuan | =@ without soil. However, due to the overlapping range of values and

212 ann = g generally higher variation in the abundance of these biomarkers and

% B © ; their biosynthetic precursors (e.g., 16:0), it is unclear whether these

‘g N2 % g difference are due to incubation in soil, or due to heterogeneity among

g .g o4 4 E g replicates.

_i 213225 2 For B.cereus cultures, the relative abundance of many fatty acid

Sl 7| CYY | B biomarkers were largely consistent across chamber cultures (with and

E . Tz £ § without soil) as well as cultures taken from a conventional TSA plate

§ 21 haw % g (e.g., 13:0 anteiso, 14:0 iso; 15:0 anteiso, 16:0 iso; Table 2). Certain

S| F|lgee o5 fatty acids show differences between chamber cultures without soil and

[; § § TSA plates, including 15:0 iso, 16:0, and 17:1 iso w5c. The high var-

2 g S22z f E iance of these biomarkers across replicates may reflect intrinsic het-

El S| www | 98 erogeneity in these biomarkers both across cultures and within the

Zc 81282 | % % same agar sample. One fatty acid, 18:1 w9c, was only observed in

g . % é B.cereus incubated in soil inoculated with sheep's blood (Table 3). This

E R 22~ | g £ fatty acid is not a known taxonomic biomarker for the Bacillus ACT

9 g H o4 :;' g g group and has been observed to occur in BcT profiles only when grown

§ @l IR | 8 g directly on blood-supplemented agar media (Ehrhardt et al., 2010).

2 _ @ £ This combined with the fact that chamber agar plugs incubated with

% '§ § E blood supplemented soil were stained visibly red (Fig. S2; Supplemental

5 E £ 8 Data), indicates that components of the soil are able to diffuse through

g g 2 . § %’ the chamber and interact with cells on the inner agar substrate.

[z p— “~—
:g ggé §§ 3.3. Morphological i i i tomil i (AFM)
é %3 3 é z .3. Morphological imaging using atomic force microscopy
=}

E _:E jg ; E g Cell size is a key ecological trait of microorganisms that can de-
o g £ |26 termine a range of life history attributes, including the efficiency of
_':‘; 2 sSss|=F~ nutrient acquisition (Bakken and Olsen, 1987). Cells were imaged using
S EER atomic force microscopy (AFM) to observe the cell size, morphology,

12
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TSA plate

B.cereus .

o

E.coli
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chamber - soil

oR!

Fig. 3. Representative AFM images showing the (a) B. cereus and (b) E. coli grown under different conditions. Bacterial cells grown on TSA plate (no soil) can be
compared directly with cells grown in the diffusion chamber but in the absence of soil. These two can be compared with the cells cultured in soil in the diffusion
chamber. All images have been presented to the same z-scale to facilitate comparison. Scale bar = 1 um on all panels. Note that the E. coli (lower panel) are at 3 pm

total scan area for better visibility (larger B. cereus are at 4 um scan area).

Table 4
Morphological analysis of the cells grown in the chamber.
Length (pm) Width (um) Area (pmz)
BcT cells without soil 4.0 = 0.4 1.8 = 0.2 58 £ 1.3
BcT cells in chamber without soil 3.8 = 0.3 1.8 = 0.25 5.6 = 0.9
BcT cells in chamber with soil 3.0 £ 0.45 1.6 £ 0.3 41 £ 1.1
E. coli cells without soil 2.7 £ 0.6 1.2 = 0.05 2.8 £ 0.7
E. coli cells in chamber without soil 2.6 = 0.3 1.5 £ 0.1 3.0 = 0.4
E. coli cells in chamber with soil 2.3 +£ 0.45 1.4 £ 0.1 25 = 0.9

and surface topography at the single cell level. The AFM is an important
and widely used tool in microbiology (Dufréne, 2008; Dupres et al.,
2010; Miiller and Dufréne, 2011). The unique advantage of the AFM is
the ability to characterize cellular surfaces with nanoscale resolution
and 3D imaging (Plomp et al., 2007). Samples for AFM do not require
preparative steps such as dye staining, fluorescence labeling, con-
ductive coating or vacuum, and can be measured under near physio-
logical environments (Fernandes et al., 2009; Gillis et al., 2012). Over
the past decade, there have several AFM studies on bacteria including
high resolution nanoscale imaging, (Kailas et al., 2011; Plomp et al.,
2005) and observing how antibacterial ingredients or harsh conditions
affect the morphology and mechanical properties, (Fernandes et al.,
2009; Xing et al., 2014). AFM based techniques have been previously
applied for specifically imaging and characterizing bacterial processes
(Liu and Wang, 2010; Wang et al., 2015a,b).

In these experiments, AFM imaging was conducted to achieve two
objectives: a) verify that the diffusion chamber itself did not affect the
cell morphology, and b) observe the effect of the soil culture on the
bacteria. Since the numbers of cells grown in these chambers is rela-
tively small, analysis is constrained to tools such as the AFM that permit
investigations at the single cell level. Initially, cells grown on TSA were
compared with cells grown within the diffusion chambers, but in the
absence of soil. These samples also served as a control for organisms
incubated in the presence of soil matrix. The nanoscale surface mor-
phology of cells under different conditions are shown in Fig. 3 as re-
presentative AFM images. Both sets of cells showed characteristic
structures as expected (e.g. rod-shaped morphology). A quantitative
analysis was performed on several cell samples (typically 3-5 cells were

13

studied for each condition). The following parameters were analyzed:
cell length, width and area, to compare the cells. As may be seen from
the figure and the quantitative data (Table 4), cells grown with and
without the chamber were very similar to each other, showing that the
chamber itself did not affect the cells. For instance, the BcT cells were
4.0 = 0.4pm in length, 1.8 + 0.2um in width and area of
5.8 + 1.3um? consistent with previously reported dimensions
(Fernandes et al., 2009; Pan et al., 2006). Cells grown in the diffusion
chambers, showed a length of 3.8 + 0.3 um, width of 1.8 * 0.25um
and area of 5.6 = 0.9 um>. A similar trend was observable with the E.
coli cells (area with and without chamber - 2.8 * 0.7 um?® and
3.0 = 0.4pum? respectively). Height profiles of cells measured along
the “long axis” of cells, showed that the cells in and without the
chamber were the same height, whereas cells in soil were slightly more
rounded.

The next set of experiments was designed to study the phenotypic
changes of the cells after exposure to soil environments. For this, bac-
teria cultured in the diffusion chambers in the presence of soil were
collected for imaging. As seen in Fig. 3 and Table 4, cultivation with
surrounding soil matrix results in ~25% smaller cells in the case of BcT
- 41 = 1.1um?% vs. ~16% smaller cells in the case of E. coli
2.5 + 0.9um? This is consistent with several studies which have
shown that bacterial cultures in soil tend to be smaller (Bakken and
Olsen, 1987; Portillo et al., 2013). This has been attributed to the fact
that nutrient deprivation can reduce cell size (Young, 2006). Cell sizes
in soil are generally smaller than cell sizes typically measured for the
most commonly studied isolates grown under laboratory conditions
(Bakken and Olsen, 1987; Portillo et al., 2013). In fact, a majority of soil
bacteria themselves (as opposed to the comparison of bacteria grown in
soil) are < 0.5um in diameter (Bakken and Olsen, 1987). This is an
important consideration in the design and selection of appropriate fil-
ters for various taxa studied in the 3D printed chambers discussed in
this work. The ease of conducting the cell culture in the diffusion
chamber, coupled with the facile collection and minimization of con-
tamination from other populations, present distinct advantages of this
system. Finally, we note that the pore size of the PES membrane filter
could be altered to selectively include/exclude certain soil constituents
from the chamber such as bacterial spores, mineral particles, or bac-
teriophages (< 200nm). Bacteriophages in particular have been
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implicated as mediating phenotypic transitions of Bacillus ACT organ-
isms within the soil (Schuch and Fischetti, 2009) and may be a useful
area of investigation for in situ studies using this approach.

4. Conclusions

In this report, we have presented a novel 3D printed diffusion
chamber for studying the interactions of bacterial cells with complex
microenvironments. The chambers can be custom designed and rapidly
printed using a variety of materials at low cost. Initial tests with E.coli
and B.cereus show that the chamber permits diffusion of abiotic/biotic
soil components to inner agar culture without contamination from in
situ organisms. Importantly, biochemical and morphological pheno-
types can be successfully analyzed from target cells after incubation in
soil matrix. While the goal of this study is to present the design and
optimize the chamber for controlled soil incubations using analogs for
environmentally-relevant bacterial pathogens, the small size and ster-
ilizable nature of the chamber makes it amenable to similar laboratory-
based studies using virulent bacterial pathogens classified at Biosafety
Level 2 or Biosafety Level 3. These could therefore provide new tools for
investigating the survival and long-term persistence of biothreat agents
in soil, the effect that exposure to soil matrices has on specific virulence
factors, the overall pathogenicity of the organism, or the role that
biofilms may have in the ecology of bacterial pathogens within these
environments.
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