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ABSTRACT: Evaluating surface bacterial growth at buried interfaces can be problematic due to the
difficulties associated with obtaining samples. In this work, we present a new method to detect signals
from microorganisms at buried interfaces that is non-destructive and can be conducted continuously.
Inspired by vascular systems in nature that permit chemical communication between the surface and
underlying tissues of an organism, we created a system in which an inert carrier fluid could be introduced
into an empty vascular network embedded in a polymer matrix. When a microorganism layer was grown
on top, small molecules produced by the growth process would diffuse down into the carrier fluid, which
could then be collected and analyzed. We used this system to non-destructively detect signals from a
surface layer of Escherichia coli using conductivity, ultraviolet-visible (UV-vis) spectroscopy, and highperformance liquid chromatography (HPLC) for organic acids; methods that ranged in sensitivity, timeto-result, and cost. Carrier fluid from sample vascularized polymers with surface bacterial growth
recorded significantly higher values in both conductivity and absorbance at 350 nm compared to controls
with no bacteria after 24 h. HPLC analysis showed three clear peaks that varied between the samples
with bacteria and the controls without. Test tracking the change in signals over 48 h showed clear trends
that matched the growth curve and demonstrated the system’s ability to monitor changes over time. A
theoretical model of the system closely matched the experimental results, confirming the predictability of
the system. Finally, tests using clinically relevant Staphylococcus aureus and Pseudomonas aeruginosa
yielded differences in conductivity, absorbance, and HPLC peak areas unique to each species. This work
lays the foundation for the use of vascularized polymers as an adaptive system for the continuous, nondestructive detection of surface microorganisms at buried interfaces in both industry and medicine.

■ INTRODUCTION
The growth of bacteria on buried surfaces is problematic in a wide range of areas, including medical
devices1–3, municipal water distribution networks4–8, and industrial processes9,10. In water distribution
networks, in particular, it is known that water quality decreases as it travels through the underground
distribution network due to the presence of bacteria on the interior surfaces of pipes.4–7 Yet detection of
surface bacteria in buried systems such as these can be difficult as the majority of the bacteria exist on
the surface rather than in the liquid water phase. Although the use of materials which discourage bacterial
growth can help reduce bacterial surface contamination,5,7 they cannot eliminate it, which is of growing
concern as the incidence of antibiotic resistance continues to rise around the world.11–13 Methods which
allow for regular monitoring of the bacterial load of buried interfaces are needed to provide an early
warning system when more vigorous interventions are needed to reduce public health risks.
The current standard method for obtaining surface bacterial samples is through the use of swabs and
contact plates.14 Swabs and contact plates are considered non-destructive techniques, but results can
vary due to various swab materials and user application pressure.15–17 More aggressive methods like
sonication and scraping improve detection results.3,18 However, conventional surface detection methods

can be challenging when the surface to be evaluated cannot be easily accessed. For the detection of
buried surfaces, sum-frequency vibrational spectroscopy (SFG) has been used.19–22 However, this
method relies on the ability of both visible and IR light to penetrate through the substrate,23,24 rendering
it unsuitable for applications such as pipelines or implanted medical devices. When more easily
accessible, bacteria can be detected using any number of compounds that are produced as they grow
and reproduce.
As they grow, microorganisms release numerous compounds that have the potential to be targeted for
detection.25–30 A study of the E. coli metabolome indicates a majority of the compounds released are
amino acids.31 For detecting the compounds produced by bacteria, conductivity has served as a common
inexpensive method for monitoring the growth of bacteria as the production of charged metabolites and
breakdown of large uncharged molecules from bacterial growth increase a solution’s conductivity.32,33
Advancements in UV-vis spectroscopy have also allowed for the detection of organic compounds such
as bacterial metabolites.34 Additionally, compounds and concentrations produced by bacteria differ
between strains. For example, the metabolites pyoverdine and pyocyanin are responsible for the distinct
blue-green hue of Pseudomonas aeruginosa.35,36 By exploiting the differences in volatile organic
compounds between strains, it is possible to identify bacterial strains using advanced detection methods
such as gas chromatography-mass spectrometry.2 A surface detection system for buried interfaces would
need to allow for bacterial-specific compounds to diffuse from the surface and be collected for later
analysis.
In nature, both plant and animal systems use vascular networks to detect bacteria at surfaces.37–39
Diffusion allows for signal molecules to be transferred into the vascular network. Long-range transport
of the signal molecules throughout the system then allow for the appropriate detection and response
mechanisms for survival. To create a vascular network in a polymer matrix, Direct-Ink-Writing (DIW), a
3D printing process, has been developed and used for a variety of biomedical applications.40–42 In
particular, a subsection of DIW known as fugitive ink printing has allowed for the fabrication of embedded
vascular systems in polymers.43 By filling channels with fluids for their desired characteristics,
vascularized polymers have been promising in antifouling44, self-healing45, spatial control46, and heat
exchange applications.47,48 Furthermore, bacterial signaling has been observed and controlled through
flow-assembled chitosan membranes in microfluidic systems.49,50 Vascularized polymers can now be
fabricated and used for a variety of applications.
In this work, we develop and test a method to detect bacteria at buried interfaces that is non-destructive
and continuous. Inspired by vascular systems in nature that permit chemical communication between
the surface and underlying tissues of an organism, we detect chemical signals diffusing from surface E.
coli in channels filled with an inert carrier fluid embedded in a polymer matrix. We use conductivity, UVVis spectroscopy, and HPLC— methods that ranged in sensitivity and cost— to detect differences
between vascularized polymer samples with bacteria compared to those without. Extracting and refilling
the vascular channels with new carrier fluid allowed us to continuously monitor bacterial growth over a
48 h period, while modeling the system using a 2D finite element approach permitted us to predict the
changes over time with high accuracy. Finally, we test two other species of bacteria, S. aureus and P.
aeruginosa, and demonstrate that it is possible to distinguish one species from the other. This work lays
the foundation for the use of vascularized polymers as an adaptive system for the continuous, nondestructive detection of surface bacteria along with multiple methods for analysis.
■ EXPERIMENTAL SECTION
Materials. Difco Bacto agar, Miller’s Luria-Bertani (LB) agar, and Miller’s LB broth were acquired from
Fisher Scientific. Pluronic F127 powder was sourced from Sigma Aldrich. 10X Phosphate buffered saline
(PBS) was purchased from Teknova. All solutions were created with deionized water and sterilized via
autoclaving at 121℃ for 60 min.
Vascularized Polymer Fabrication. Vascular channels were designed in SolidWorks and converted to
G-code commands using Slic3r slicing software. 20 g of 1.5% Difco Bacto agar cooled to touch was
poured in a 100 x 100 x 15 mm square polystyrene petri dish. After cooling overnight, vascular network
channels were printed using 30% w/v Pluronic F127 fugitive ink through a 15-gauge blunt tipped needle
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directly on the agar using a Hyrel System 30M printer equipped with a VOL-25 extruder head heated to
30℃. Once the channels had been printed, 20 g of 1.5% Difco Bacto agar was poured directly over the
solid agar with channels and allowed to cool overnight. 15 g of 4% Miller’s LB agar cooled to touch was
poured over the agar/channel system and again cooled overnight. Inlet and outlet holes were melted
through the bottom of the petri dish using a heated 15-guage blunt tip needle. Channels were evacuated
using a pipette to remove the Pluronic F127. Channels were washed with deionized water twice, then
filled with 1X PBS as the carrier fluid. PBS was chosen for this role as its salt content minimized
immediate absorbance of the fluid into the agar matrix materials.
Bacterial Cultures. Surface E. coli detection and continuous detection tests were conducted using the
bacterial strain Escherichia coli K12 W3110. For testing clinically relevant strains, Staphylococcus aureus
SC01 and Pseudomonas aeruginosa PA01 wild type were used. All strains were stored in stock cultures
at -80℃. For experiments, streak plates were created on 4.0% LB agar and liquid cultures were prepared
via inoculation with 2-3 isolated colonies into test tubes containing 5mL LB broth at 37℃ for 24 h. An
optical density (OD) of 0.08–0.10 a.u. at 600nm was achieved by diluting the sample with blank LB broth.
Growth Curve Measurements. Intensity measurements to track the growth of the bacteria on the agar
surface were obtained using iBright imaging system model FL1500. Images were taken with the Colony
No Emission channel and smart exposure time of 36 milliseconds. ImageJ was used to obtain intensity
values for regions of interest bounded with rectangles.
Conductivity Measurements. Conductivity measurements were obtained using Mettler Toledo
FiveEasy conductivity meter and Inlab 751-4mm probe. Measurements were recorded using the
automatic measurement feature that waited for the sample and probe to reach equilibrium before
displaying the reading.
Absorbance Measurements. Absorbance measurements were recorded using a Thermo Scientific
Genesys 150 UV-Visible Spectrophotometer at 350 nm following organic matter wavelength parameters
in water quality testing.34 Fireflysci Sub-Micro cuvettes were implemented to allow absorbance readings
of small volumes.
High Performance Liquid Chromatography. HPLC analysis was carried out using a Shimadzu
Prominence system equipped with a Bio-Rad Aminex HPX-87H column. UV-visible detection was
conducted with the Shimadzu SPD-20AV detection unit at 254 nm. The mobile phase was 5 mM sulfuric
acid with a flow rate of 0.6 mL/min and column oven temperature was set to 60℃. All controls and
samples were diluted 1:2 with Milli-Q water before analysis.
Surface E. coli Detection. Vascularized polymers were filled with 1X PBS via the inlet and outlet holes.
Inlet and outlet holes were sealed with vacuum grease and covered over with tape. Initial conductivity,
absorbance, and HPLC analysis values were recorded using 1X PBS. Diluted E. coli liquid culture was
applied to the surface of samples using a sterile cotton tip applicator. To create a uniform bacterial lawn,
the entire surface was swabbed in a side-to-side motion, rotated 60°, and re-swabbed for a total of 3
passes. Controls were swabbed in the same manner with blank LB broth. Vascularized polymers were
incubated at 37℃. After 24 h of incubation, carrier fluid within the channels was evacuated and analyzed.
Bacterial Growth Curve. The bacterial growth curve for the system was generated by applying diluted
E. coli liquid culture to the surface of 4% LB agar plates. Plates were incubated at 37℃. At multiple time
points, plates were removed from incubation and imaged using the iBright imaging system with the
Colony No Emission channel and smart exposure time of 36 milliseconds.
Continuous Detection. Vascularized polymers were filled with 1X PBS via the inlet and outlet holes.
Inlet and outlet holes were sealed with vacuum grease and covered over with tape. Initial conductivity,
absorbance, and HPLC analysis values were recorded using 1X PBS. Diluted E. coli liquid culture was
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applied to the surface of samples using a sterile cotton tip applicator. To create a uniform bacterial lawn,
the entire surface was swabbed in a side-to-side motion, rotated 60°, and re-swabbed for a total of 3
passes. Controls were swabbed in the same manner with blank LB broth. Vascularized polymers were
incubated at 37℃. Throughout the bacterial growth curve, vascularized polymers were removed from
incubation and the carrier fluid with the channels was evacuated and analyzed. Channels were
immediately refilled with fresh 1X PBS.
S. aureus and P. aeruginosa Detection. Vascularized polymers were filled with 1X PBS via the inlet
and outlet holes. Inlet and outlet holes were sealed with vacuum grease and covered over with tape.
Initial conductivity, absorbance, and HPLC analysis values were recorded using 1X PBS. Diluted S.
aureus liquid culture was applied to samples labeled S1-S4 using a sterile cotton tip applicator. Diluted
P. aeruginosa liquid culture was applied to the surface of samples labeled P1-P4 using a sterile cotton
tip applicator. To create a uniform bacterial lawn, the entire surface was swabbed in a side-to-side motion,
rotated 60°, and re-swabbed for a total of 3 passes. Controls were swabbed in the same manner with
blank LB broth. Vascularized polymers were incubated at 37℃. After 24 h of incubation, carrier fluid
within the channels was evacuated and analyzed.
Finite element simulation. The finite element simulation was conducted in COMSOL using the
Transport of Diluted Species module to simulate the diffusion of chemical species within the system. The
governing equation of the physical field is given by:
𝜕𝑐
+ ∇ ∙ 𝐽 + 𝒖 ∙ ∇𝑐 = 𝑅
𝜕𝑡
𝐽 = −𝐷∇𝑐
where 𝑐 is the local concentration of the species, 𝑅 is the total rate expression, 𝐽 is the flux, and 𝐷 is the
diffusivity. The velocity field of the liquid, 𝒖, is neglected because the convective flow in agar is minimal.
For the production model, we set the inward flux of the species on the top surface of the agar, expressed
as:
𝐽 = 𝑝𝑋𝑐 − 𝑎𝑐
where 𝑝 is the maximum production rate, 𝑋𝑐 is the cell concentration (interpolated from the experiment
results), 𝑎 is a degradation constant to account for the decrease of production rate.51
For the utilization model, we assumed that the bacterial cells on the top surface of agar consume
nutrients, expressed as:
𝐽=

−𝑐𝑘𝑋𝑐
𝑐 + 𝐾𝑠

where Ks is the Monod half-velocity coefficient and k is the maximum utilization rate.52
To match the experimental conditions more accurately, the simulation was conducted in batches. In each
batch, the concentration of the carrier fluid in the channel was reset to zero, while the initial
concentrations in the agar were kept the same as at the end of the previous batch.
Statistical Analysis. Averages and standard deviations were calculated in Microsoft Excel using
experimental data. Data were normalized by subtracting the control value average from sample values.
To evaluate statistical significance, normality and t-tests were conducted in RStudio. An asterisk ranking
system was implemented in figures to represent the p values with n.s., * , ** , and *** corresponding to p
> 0.05 , p < 0.05 , p < 0.01 , and p < 0.001, respectively.
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■ RESULTS AND DISCUSSION
System Design and Overview. To create a
synthetic vascular network, we used fugitive ink 3D
printing in an agar polymer matrix. The model used
for vascular channel design and the channel
location within the vascularized polymers were
depicted in Figure 1A. An image of a vascularized
polymer used for testing was displayed in Figure
1B. Bacteria were grown on the underside of the
polymer to create a buried interface, while inlet and
outlet holes were created on the upper surface to
allow for the carrier fluid to be filled and evacuated
from the polymer channels.
As bacteria grew and synthesized compounds, the
compounds diffused from the surface into the
embed channels within the polymer matrix via
concentration gradients (Figure 1C). As time
progressed, the bacterial-specific compounds will
be collected in the channel filled with inert carrier
fluid and can then be evacuated for analysis.
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Figure 1. A) 3D model of vascular channels designed
to be printed for testing and a cross-section
highlighting the embedded channel location. B) Photo
of vascularized polymer after the fabrication process.
Scale bar 1 cm. C) Schematic of system cross-section
with surface bacteria releasing compounds from the
buried interface to the embedded channel filled with
inert carrier fluid over time.

Non-Destructive Detection of Surface E. coli. E. coli was applied to the surface of sample vascularized
polymers to compare against control vascularized polymers that lacked surface bacterial growth. Multiple
analysis methods were used to evaluate the carrier fluid from samples and controls (Figure 2).
Conductivity was chosen due to its low cost and rapid time-to-result; UV-vis spectroscopy was used as
it is a widely accessible technique and also returns information quickly; and HPLC was selected as it is
more selective and sensitive than either conductivity or UV-Vis analysis, despite having a higher cost
and requiring more sample preparation time. The goal with these three analysis methods was to
demonstrate the potential for vascularized polymer detection for both general (e.g., presence/absence,
extent of growth) and specific (e.g., compound consumption and production, species detection) analysis.
Figure 2A shows the differences in conductivity between uninoculated controls and samples with surface
E. coli. Time 0 values were obtained by measuring the carrier fluid before introduction into the vascular
channels; as expected, there was no significant difference (p = 0.3860) between the samples. The high
initial values were likely a result of the entirety of the salt component of the PBS carrier fluid contributing
to the conductivity. After 24 h, the conductivity value for both carrier fluid from sample with surface E. coli
and uninoculated controls dropped, likely due to the absorbance of some of the salts in the carrier fluid
into the polymer matrix. Nevertheless, a significantly higher conductivity was observed from bacteriacontaining samples (9.32 ± 0.22 mS/cm) compared to controls (7.86 ± 0.29 mS/cm, p = 0.0003). The
increase in carrier fluid conductivity was likely the result of charged molecules created during bacterial
growth and metabolism that diffused from the surface into the carrier fluid.32,33
Absorbance measurements at 350 nm for samples and controls are shown in Figure 2B. As for the
conductivity measurements, there was no significant difference (p = 0.4810) between carrier fluid
intended for the samples and controls before the experiment was conducted. After 24 h of bacterial
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growth, a significant increase in absorbance (p =
0.0026) was observed in samples (0.535 ± 0.041
a.u.) compared to controls (0.430 ± 0.016 a.u.).
Organic matter is known to absorb at 350 nm; this
range is extensively used in water quality
analysis.34. The compounds being detected here are
likely a mix of proteins, sugars, lipids and other
carbon-containing compounds. As the major
component of the LB carbon source, tryptone, does
not show an absorbance peak at 350 nm,53 it is
logical that the growth of E. coli on the surface is
producing more compounds which do absorb in this
range, which are diffusing down into the carrier fluid
and being detected in our analysis.
Representative
examples
of
the
HPLC
chromatograms obtained from the carrier fluid
collected from E. coli-colonized samples and
uninoculated controls after 24 h are displayed offset
in Figure 2C. Three peaks of interest were observed
in these spectra, appearing at retention times of 11.0
min (Peak i), 18.0 min (Peak ii), and 22.5 min (Peak
iii). Peak i was observed to have a substantial peak
area (135559 ± 25497 mV·min) in carrier fluid
collected from uninoculated controls, while fluid from
bacteria-colonized samples showed a notably
smaller peak area (14765 ± 1554 mV·min) after 24
h. Similarly, Peak ii showed a larger area in fluid
from controls (98188 ± 4248 mV·min) than bacteriacontaining samples (2335 ± 2703 mV·min). The
decreases in both Peaks i and ii in E. coli-colonized
samples compared to controls may be due to UVactive compounds in the LB media such as a
tryptone, which is known to have an absorbance
peak at 264 nm, close to the 254 nm detected
here.53 As the bacteria consume this food source or
other compounds present, there is subsequently
less available to diffuse into the carrier fluid in the
channels below, resulting in a decreased peak. The
final peak in the chromatograms, Peak iii, was not
present in the carrier fluid controls, but very clear in
the fluid from the E. coli samples with a peak area
of 92613 ± 8698 mV·min. The appearance of Peak
iii in the samples containing surface E. coli suggest
that this is a UV-active compound being produced
by the bacteria. As E. coli growing on LB produce a
very large number of compounds during their
growth,54,55 exact identification of this compound or
group of compounds is outside the scope of this
work; nevertheless, these results demonstrate the
promise of using vascularized polymers to detect
both general and more specific bacterial signals.

Figure 2. A) Conductivity measurements of the
carrier liquid within vascularized polymers with no
bacteria at the surface (controls, n = 4) or with E. coli
actively growing on the surface (bacteria, n = 5) after
0 and 24 h of growth. B) Absorbance measurements
from the samples shown in part (A). C) HPLC
chromatogram overlay with offset comparing the
carrier fluid taken from vascularized polymers either
with bacteria or without (controls) after 24 h of
bacterial growth. Notable peaks are marked as i, ii,
and iii. *** indicates P < 0.001, ** indicates P < 0.01,
and n.s. indicates no significance.
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Continuous Detection of Surface E. coli. Once the feasibility of bacterial detection was established,
we designed experiments to demonstrate the use of the vascularized polymer system to track changes
in the E. coli-colonized surfaces over time. Carrier fluid was extracted and refilled in vascularized
polymers multiple times throughout a 48-h growth period. Analysis of the carrier fluid at five different
time points is shown in Figure 3. Each plot is further overlaid with a an experimentally determined growth
curve for comparison, which shows the lag phase occurring between 0 and 4 h, the exponential phase
from 4 to 12 h, and the stationary phase beginning at 12 h. The light intensity method used to obtain this
curve could not distinguish between live and dead cells; therefore, the death phase may also be occurring
between the 12 and 48 h time points.
Figure 3A shows the normalized conductivity measurements with the growth curve superimposed
behind. Throughout the continuous detection tests, the conductivity followed a trend similar to the growth
curve: initial conductivity readings appeared to remain relatively stagnant from the 0 to 4 hour mark; an
increase in conductivity was then observed from 4 to 12 h with mark with a peak value of 1.37 ± 0.050
mS/cm; then from the 12 h to 24 h, normalized conductivity decreased to 1.22 ± 0.118 mS/cm and
further dropped to 0.568 ± 0.076 mS/cm at the 48 hour time period. A similar trend of increased
conductivity during the exponential growth phase and a decrease in conductivity during the death phase
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Figure 3. A) Conductivity measurements from the carrier fluid within vascularized polymers with E. coli growing
on the surface, normalized to uninoculated controls, n = 5) over a 48 h time period. The experimentally
determined growth stage of the bacteria is indicated by the shade of the grey background. B) Absorbance
measurements for the same carrier fluid shown in (A), normalized to the uninoculated controls. C) HPLC
analysis of the same carrier fluid analyzed in (A) and (B): change in areas for the HPLC peaks at 11.0 min (Peak
i) and 22.5 min (Peak iii) over the 48 h time period.
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was observed by Pavlova et al.32 It was important to note that the residence time the carrier fluid spent
in the vascularized polymer was the amount of time between data points. Using the 8 h data point as an
example, the carrier fluid experienced 4 h within the vascular channels to collect signals since it was
introduced to the system at 4 hours. For the 48 h data point, the carrier fluid would have remained in the
system for an entire 24 h to absorb bacterial-specific compounds from the surface. A similar trend was
exhibited in the normalized absorbance measurements.
Normalized absorbance recordings of the carrier fluid from the continuous detection test are shown in
Figure 3B. Absorbance values remained relatively stagnant from 0 to 4 h. Similar to Figure 3A,
absorbance sharply increased from 4 to 12 h. Peak absorbance occurred at 24 h of surface bacterial
growth (0.105 ± 0.013 a.u.). From the 24 h time point to 48 h time point, absorbance values slightly
decreased to 0.104 ± 0.009 a.u. which was the likely the result of bacteria being in a stationary or death
phase seen in the overlaid bacterial growth curve.
Changes in HPLC peak areas over time are shown in Figure 3C. The two most prominent peaks, Peak
i at 11.0 min and Peak iii at 22.5 min, are shown in blue and red, respectively. Data at the 0-h time point
was not included as there was not sufficient time for diffusion from the surface to channels for analysis.
Peak i decreased over time with the largest area measured initially at 4 h (139701 ± 29029 mV·min),
followed by a decrease to 11345 ± 9638 mV·min at 24 h, followed by a slight increase to 26459 ± 22701
mV·min at 48 h. In contrast, Peak iii was not detectable until 8 h of surface bacterial growth, at which the
peak area increased to 639 ± 584 mV·min. After this time point, the peak continually increased to achieve
a maximum peak area of 124715 ± 5674 mV·min at 48 h. Together, these results demonstrate that it is
possible to continuously and non-destructively monitor the growth of E. coli at a buried interface using
an embedded vascular network.
Finite element simulation. As previously mentioned, bacteria produce thousands of low-molecularweight compounds as part of their normal growth,54,55 making it difficult to identify the exact compounds
being measured at this time. Nevertheless, we wished to verify that the compounds we were detecting
behaved in a way that was consistent with known bacterial production and consumption rates and could
be predicted using equations established specifically for these parameters.
To model our system, we built a 2D simulation of our vascularized polymers, consisting of an upper layer
of low-density agar (2.3 mm), a central layer (2.3 mm) containing a fluid-filled channel 6 x 1 mm wide,
and finally a bottom layer of high-density agar (1.7 mm) containing diffusible “nutrients” throughout. The
bottom layer was also set such that a “bacterial compound” would diffuse from the surface toward the
channel (Figure 4A). As in our experimental system, the model was allowed to run for a defined number
of hours before it was stopped and the concentration in the center channel measured. At this point the
system reset with a concentration of zero in the channel, mimicked our extraction of the carrier fluid and
refiling of the channel with fresh fluid. The governing equations used were adapted from previous work
developing quantitative models for bacterial substrate utilization52 and the production of low-molecularweight compounds.51The results from finite element simulation for both nutrients and a bacterial
compound are shown in Figure 4B. The resulting curves for both matched very closely with the
experimental results for HPLC analysis of fluid from E.coli-colonized surfaces shown in Figure 3C. The
curve for the simulated nutrients showed a steep drop in concentration nearly identical to what was
observed for Peak i; however, in the simulation the concentration reached zero at 48h while in our
experiment the value showed a slight increase relative to 24h. The simulated bacterial compound also
showed a curve similar to Peak iii, with values for 0, 4, and 8h are at or near zero, followed by a jump at
12 h. There was again a difference between experiment and model at 48 h, though, as the values for the
model increased less over this final measurement period than the values in the experiment.
Nevertheless, our results confirm that the compounds that we are measuring in our experiment behave
according to known quantitative models of bacterial nutrient utilization and compound production. This
supports our hypothesis that we are accurately measuring compounds associated with bacterial growth
using our vascularized polymer system and, furthermore, that our system can be quantitatively modeled
for future applications in surface sensing.
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Figure 4. Finite element simulation of the bacteria’s production and utilization of compounds. (A) the
distribution of the bacterial compound concentration in the device at the end of each measurement
period, showing that the products gradually diffused into the agar from the bottom. (B) The
concentration of both the nutrients and the simulated bacterial compound as a function of time.

Detection of Other Bacterial Species. Once it was established that continuous and non-destructive
monitoring of E. coli could be successfully accomplished, tests were conducted on other clinically
relevant bacterial species. S. aureus and P. aeruginosa were selected for testing as they are common
pathogens associated with infections in hospital settings.1–3 Additionally, P. aeruginosa is additionally
known for its biofilm formation abilities and presence in water distribution networks.4,7,8,56
A visible difference in color was clear among the vascularized polymers without surface bacteria
(controls), those with S. aureus, and those with P. aeruginosa surface growth (Figure 5A). Samples with
P. aeruginosa displayed a green-blue hue most likely from the metabolites, pyoverdine and pyocyanin,
that resulted in its distinct coloration,35,36 whereas samples colonized by S. aureus appeared to be the
same hue as the control with a fuzzy lawn of surface bacterial growth.
The conductivity of the carrier fluids in vascularized polymers were measured after 24 h of surface
bacterial growth (Figure 5B). Samples with P. aeruginosa surface growth recorded the highest
conductivity value (8.823 ± 0.275 mS/cm), significantly higher than the controls (p = 0.0009). Samples
colonized by S. aureus exhibited a greater conductivity (8.428 ± 0.186 mS/cm) than the controls (7.551
± 0.120 mS/cm) and were statistically significant (p = 0.0005). Carrier fluid conductivity measurements
were not statistically different between samples with P. aeruginosa surface growth and samples with S.
aureus surface growth (p = 0.0604) As with the samples colonized by E. coli, the increase in carrier fluid
conductivity of sample vascularized polymers was most likely the result of charged bacterial compound
from general bacterial metabolic activity diffusing from the surface into the channels.32,33
Absorbance measurements of the carrier fluid at 350 nm after 24 h was also measured (Figure 5C). P.
aeruginosa exhibited the largest absorbance measurement (1.578 ± 0.133 a.u.), a value significantly
higher than both the controls (p = 0.0003) and S. aureus samples (p = 0.0004). The greater absorbance
of carrier fluid from the P. aeruginosa samples is likely due to pyocyanin, which absorbs at 370 nm.36
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Figure 5. A) Images of the vascularized polymer systems showing the differences in color between the
treatments. B) Normalized conductivity measurements from samples (n = 4). C) Normalized absorbance
measurements from samples (n = 4). D) Three HPLC peaks from carrier fluid obtained from control (grey), S.
aureus (green) and P. aeruginosa (purple) samples. Designations of (i), (ii), and (iii) indicate Peaks i, ii, and iii
as identified in Figure 2C.

Despite much lower values than P. aeruginosa, S. aureus samples still showed a significantly greater
absorbance (0.459 ± 0.020 a.u.) than the controls (0.403 ± 0.017 a.u., p = 0.0052).
Analysis of the carrier fluid with HPLC also showed differences among samples colonized with P.
aeruginosa, S. aureus, and controls with no bacteria (Figure 5D). As with the carrier fluid from E. colicolonized samples shown in Figure 2C, the same three major peaks of interest were evident again at
11.0 min (Peak i), at 18.0 min (Peak ii), and at 22.5 min (Peak iii) after 24 h. For Peak i, the controls
exhibited the largest peak area of 165100 ± 4781 mV·min, while both S. aureus and P. aeruginosa
showed this peak decreased to 41304 ± 23190 mV·min and 128567 ± 17617 mV·min, respectively.
Furthermore, the peak for P. aeruginosa was noticeable shifted to the later retention time of 11.3 min,
which may indicate an alteration to the compound causing this peak by the metabolic processes of P.
aeruginosa or the presence of a new compound eluting at a very similar time. Analysis of Peak ii showed
the carrier fluid from the uninoculated controls exhibiting the largest area (96894 ± 2605 mV·min) and S.
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aureus-colonized samples a decreased area (26202 ± 3361 mV·min), similar to what was observed for
E. coli-colonized controls in Figure 2C. Interestingly, the P. aeruginosa samples lacked any peak at this
retention time, again suggesting a difference in the way these bacteria were interacting with the
compounds in the LB agar. For Peak iii, only carrier fluid from samples colonized with S. aureus showed
any signal, with an area of 44700 ± 4042 mV·min, or roughly half of the area of the peak observed for E.
coli at this retention time. It is interesting to note the differences between S. aureus and P. aeruginosa in
the presence and absence of particular peaks in the HPLC spectra. Together with the clear differences
in absorbance, these results suggest promise for the vascularized polymer system in providing method
to not only detect the presence of bacteria, but also provide information that may lead to their
identification.
■ CONCLUSIONS
In this work, we develop and test a new method of detecting surface bacterial growth at buried interfaces
using vascularized polymers. Inspired by natural vascular networks in plants and animals that allow for
diffusion and long-range transport of signal molecules, we created an empty channel network in a
permeable polymer matrix and filled it with a carrier fluid. A layer of E. coli was then added to one side to
simulate a contaminated buried interface.
After 24 h of bacterial growth, significant differences in the conductivity, absorbance, and HPLC spectra
of carrier fluid sampled from the vascular network were clear between E. coli-inoculated samples and
controls without bacteria. Tracking changes in the carrier fluid at time points between 0 and 48 h revealed
changes in all three measurement methods that coincided with the lag-exponential-stationary growth
curve of these organisms. In particular, the HPLC spectra revealed changes in one set of peaks at 11.0
min that decreased and another set of peaks at 22.5 min that increased. The hypothesis that these peaks
corresponded to the decrease in a nutrient source and increase in a specific compound produced by the
bacteria during their growth was tested using a 2D finite element model of the vascularized polymer
system using established equations for bacterial compound production and utilization. The results
showed a very close match between experiment and theory, supporting the assumption that the observed
peaks corresponded to nutrient- and bacteria-specific compounds and further demonstrating that the
system could be accurately modeled.
Clinically relevant bacterial strains Staphylococcus aureus and Pseudomonas aeruginosa were also
tested and also showed clear differences in the conductivity, absorbance, and HPLC peaks in the carrier
fluid compared to uninoculated controls. Importantly, however, notable differences between the results
for these two species were also observed, suggesting that it may be possible to distinguish different
microorganisms using this method. Together, our results show that vascularized polymers could be a
possible solution for surface bacterial detection at buried interfaces such as underground water
distribution networks where standard measurement methods could be difficult to perform.
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