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Abstract—This paper reports the first successful detection
of electromagnetic (EM) radiation from Staphylococcus aureus
biofilms in the gigahertz (GHz) frequency range. Two novel sens-
ing systems are deployed for the measurement. A very sensitive
wideband near-zone radiative system specifically designed for this
application is first used to search for signals in the 1-50 GHz fre-
quency region. Notable radiation is observed in the 3-4 GHz band.
Exposure to lethal doses of Zinc oxide nanopyramids (ZnO-NPY)
is used to verify that the signals are indeed produced by living
cells rather than material thermal emission. Afterwards, a spiral
antenna system is exploited to further examine the band of interest
in the near-field region. Radiation from 3 identical biofilm samples
is monitored and recorded over 70 days. Two distinct frequency
bands, namely the 3.18 GHz and the 3.45 GHz bands, are identified
as potential ‘“‘communication bands”. Furthermore, long-term and
short-term cycles of the total radiation intensity within the band
are observed over the course of the experiment. This work confirms
the presence of EM radiation within bacterial communities, which
is a key requirement to demonstrate EM signaling among bacterial
cells. The insight could lead to breakthroughs in demystifying how
cells communicate as well as advancement of important technolo-
gies in biology and communication systems.

Index Terms—Biofilms, bacterial, cells, communication, EM
signaling, radiation, emission, near-field.

I. INTRODUCTION

LL biological organisms are complex systems consist-
A ing of a large number of interacting elements. They are
constantly interchanging information with each other and with
the external environment in order to respond/adapt to various
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conditions. Chemical signaling has been considered the domi-
nant communication mechanism for biological organization and
activities, where messages are carried by ligands transmitted by
diffusion [1]. However, this type of signaling typically supports
communication in the range of hundreds of nanometers, whereas
biological systems interact and manifest a certain degree of order
even on amacroscopic scale [2]. Since many biomacromolecules
and their derivatives are electrically polarized, any oscillations
of these structures can generate electromagnetic (EM) fields.
The strong electrical polarity of biological objects suggests EM
waves may play a role in intra- and inter-cell signaling. There
have been extensive postulations of the existence, nature, and
function of EM fields in biological systems. H. Frohlich first
proposed the idea that metabolic activities in biological systems
may excite coherent electric vibrations, which enable long-range
interactions and energy transfer within the system [3]-[5]. This
theory builds the foundation for later studies on EM activities
in biological cells. The structure that generates EM waves in
biological cells has not been identified yet. It has been suggested
that microtubules in eukaryotic cells are one of the possible
sources [6]-[8]. Microtubules are lattices of oriented dipoles
[6]. Theoretical analyses have indicated that the vibrations of
microtubules and actin filaments can generate EM fields that
mediate the energy transfer with their surroundings. These hy-
potheses are partly supported by a few experiments [9]-[11]. In
[9], the resonance peaks of a single microtubule are identified
in the frequency range of 10-30 MHz and 100-200 MHz. In
[10], changes of electric field in the frequency range 8-9 MHz
are detected in the vicinity of the plasma membrane of yeast
mitotic cells in the M phase of the cell cycle, which coincides
with the period when the kinetochore microtubules in the mitotic
spindle bind chromatids. In [11], itis suggested that possible EM
activities in microtubules occur when a low-intensity electric
field at 100-300 kHz is applied to mitotic cells. However, none
of these experiments have directly detected EM radiation from
cells. Other structures such as DNA or proteins are also found
to be able to generate EM waves. In [12], it is shown that
some bacterial DNA sequences induce EM waves in the kHz
range in high aqueous dilutions. In [13], delocalized modes
in proteins are identified in the terahertz frequency domain.
Nevertheless, these experiments are focused on molecular levels.
It is unclear if these EM waves are purposeful signaling or just
natural molecular vibrations.

A recent study has indicated that bacterial cells in biofilms
may use EM signals to communicate [14]. Biofilms are one
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of the most ubiquitous forms of biological systems on earth,
and are commonly associated with infectious diseases [15].
They are also responsible for contamination of medical de-
vices and implants [16], deterioration of water quality [17],
and microbial induced corrosion [18]. Further understanding of
communication mechanisms within biofilm communities is of
great importance to effective biofilm control and management.

Biofilms are essentially aggregates of microorganisms in
which cells are embedded in a self-produced matrix of extracel-
lular polymeric substances (EPS) [19]. Within the EPS of spe-
cific types of biofilms (e.g., Staphylococcus aureus, and Bacillus
subtilis), there are biological elements called amyloid fibrils
which are basically characterized as elastic helical fibers with
permanent dipole charges at their ends [20]-[22]. [ 14] postulates
that these charged amyloid fibrils can act as mechanical antennas
and may be responsible for purposeful signaling among cells in
biofilms. A multi-physics model based on an electromagneti-
cally coupled system of mechanical oscillators is developed to
characterize the EM signals generated in S. aureus biofilms. The
model predicts that possible EM radiation could occur within
the kHz-GHz frequency range, depending on the mechanical
properties of the cells and the amyloid fibrils. [23] compares
EM signaling with quorum sensing. It is demonstrated that EM
signaling can provide a substantially higher data rate over a
much longer range while requiring far less energy than quorum
sensing. Therefore, EM signaling may be the preferred method
of communication used by cells in biofilms. However, there is
no experimental evidence to support EM communications within
biofilms so far.

This work is an experimental study designed to complement
the theoretical study in [14]. We aim to explore the existence
of the predicted EM signals in S. aureus biofilms. Based on
the theoretical model, we divided the potential radiating fre-
quencies into three groups, i.e., low frequency range (below
1 MHz), MHz range (1 MHz-1 GHz) and GHz range (1-50
GHz), and developed several measurement systems to examine
each group individually. Measurements above 50 GHz have
not been attempted yet. This paper reports the measurements
conducted in the GHz range. A wideband near-zone radiative
system [24] is first used to search for possible radiation in the
frequency spectrum from 1 to 50 GHz. The frequency range
is later narrowed down to 3-20 GHz. We observe notable EM
radiation activity in the 3—4 GHz frequency band multiple times
on different biofilm samples. In the 3—4 GHz band, we conduct
a 70-day longitudinal measurement on a group of 3 identical
S. aureus biofilm samples using a spiral antenna system. The
measurement is performed at a closer range with much finer
spectral resolution. Over the course of the measurement, the
radiation from all biofilm samples exhibits similar short- and
long-term time cycles. The average power density generated by
the biofilms is also calculated based on the measured power
spectrum. This is the first time that GHz EM radiation from
bacterial biofilms has been observed and characterized. The
successful detection of such radiation verifies the theoretical
model and represents substantial progress in understanding the
mechanisms of EM signaling among cells in biofilms. Cor-
relation studies between EM radiation signals and cell gene
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Fig. 1. (a) An 8-day-old sample and (b) a 28-day-old sample in a 100mm X
100mm polystyrene square petri dish.
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Fig. 2. Diagram of the wideband near-zone radiative system.

expression and biofilm morphology are currently in progress,
and will be reported in the future.

II. MEASUREMENT OF EM RADIATION USING THE WIDEBAND
NEAR-ZONE RADIATIVE SYSTEM

A. Sample Preparation

Methicillin-resistant S. aureus substrain USA300 was used in
all experiments. A glycerol stock of the strain was maintained
at —80 °C and was plated on tryptic soy agar. Single colony
inoculates were grown overnight in peptone-NaCl-glucose me-
dia (PNG) under shaking conditions at 37 °C. PNG is reported
to induce formation of amyloid fibers [25]. Overnight cultures
were then diluted 1:10 into fresh PNG and added to a 100 mm
x 100 mm polystyrene square petri dish for a final volume of 20
ml and a final concentration of 2 x 103 CFU/ml. These samples
were left to grow under static conditions at 37 °C to facilitate
biofilm formation. On the day of each measurement, the media
were carefully removed and replaced with 10 ml fresh PNG
media prior to beginning the measurement. Biofilms were main-
tained in this manner for the entire duration of the experiment.
Fig. 1(a) and (b) show an 8-day-old and a 28-day-old sample,
respectively. A set of three 10 ml fresh PNG media samples,
without biofilms, are prepared in the same manner as a control

group.

B. Measurement Setup and System Characterization

Wideband measurements from 1-50 GHz were first con-
ducted using a specially designed wideband near-zone radiative
system [24]. The system consists of a wideband dual-polarized
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Fig.3. (a)The wideband near-zone radiative system and (b) the zoom-in view
of the inside of the signal collector in an anechoic chamber.

signal collector, a Dicke switch [26], two broadband low-noise
amplifiers, and a precision spectrum analyzer. Fig. 2 illustrates
the system diagram. The signals received by the collector are
first fed into one port of the Dicke switch, then amplified by the
cascaded amplifiers and recorded by the spectrum analyzer. The
amplifiers are placed as close to the output of the signal collector
as possible to improve the signal to noise ratio (SNR). The
Dicke switch is basically a single-pole-double-throw (SPDT)
switch used to calibrate the gain fluctuations of the amplifiers.
The other port of the switch is terminated with a 50 €2 matched
load at a constant temperature which serves as a reference noise
source. The switch alternates between the signal collector and
the matched load. The sweep frequency of the spectrum analyzer
is synchronized with the switching frequency, therefore, during
two consecutive sweeps, the data are first collected from the
signal collector, and then from the matched load. If the sweep
time of the spectrum analyzer is short enough (on the order of
millisecond), the gain of the amplifier can be assumed constant
during two consecutive sweeps, and the gain variations of the
amplifiers can be eliminated by normalizing the power measured
from the signal collector to that from the matched load.

Fig. 3(a) and (b) show the experiment setup in the anechoic
chamber at the University of Michigan and the zoomed-in view
of the inside of the signal collector, respectively. During the
measurement, the biofilm sample is situated at the focal point
on the aperture of the signal collector. The measurements are
conducted in the anechoic chamber to prevent possible external
interference.

The sensitivity of the system is determined by both the
specifications of individual components (i.e., noise figure,
gain/insertion loss, etc.) and the settings of the spectrum analyzer
(i.e., the sweep time, resolution bandwidth, bandwidth, etc.).
Based on the system characterization reported in [24], the system
is able to detect signals as weak as -191 dBm/Hz.

III. DATA ACQUISITION AND ANALYSIS

The system is controlled by a computer through an automated
data collection program. The measurement was first conducted
from 1-50 GHz. Since there was no indication of any EM
radiation above 20 GHz, we restricted our focus on the lower
portion of the GHz spectrum. To further improve the sensitivity
of the system, we replaced the two broadband low-noise am-
plifiers with an ultra-low-noise amplifier (3—20 GHz) cascaded
with a high-gain amplifier (0.8-21 GHz). For measurements
from 3-20 GHz, the entire frequency span was partitioned into

Sweep Span

Span: 50 MHz

RBW: 2 MHz

VBW: 100 Hz

Number of Points: 601

3 GHz | | 3.05 GHz |
N —— I// 41 sweep spans {//
T & o] oo | & ]
PR I - f(GHz)
700 ms
< _— — — >
A single complete measurement from 3 to 5 GHz ~ 5 mins
10 repeated measurements ~ 50 mins
Fig. 4. The data acquisition process for the 3-5 GHz frequency group. A

single complete measurement from 3—5 GHz takes about 5 minutes. 10 repeated
measurements take about 50 minutes.

TABLE I
NEAR-ZONE RADIATIVE SYSTEM SPECTRUM ANALYZER SETTINGS

Span 50 MHz

Resolution Bandwidth (RBW) 2 MHz

Video Bandwidth (VBW) 100 Hz

Sweep Time 700 ms
Number of Repetitions 10

four frequency groups, specifically 3-5 GHz, 5-10 GHz, 10-15
GHz and 15-20 GHz, which were examined individually. Each
frequency group is further divided into small “sweep spans”.
For each sweep span, the system takes a sweep and records
the average value of 601 data points. If the measurements are
repeated multiple times, the results are then averaged among all
the measurements. Fig. 4 illustrates the data acquisition process
for the 3-5 GHz frequency group. The choices of the sweep
span, resolution bandwidth, video bandwidth and the number
of repeated measurements directly affect the measurement time
and accuracy. We have experimented with different settings and
carefully evaluated the tradeoff between the measurement time
and accuracy. The final settings are listed in Table I. For these
settings, a single complete measurement from 3-5 GHz takes
about 5 minutes. The measurement is repeated 10 times, which
take a total of 50 minutes. For the other three frequency groups,
each takes 125 minutes to complete 10 repeated measurements.

The measurement is first performed on the biofilm samples,
and then performed on the fresh PNG samples (control group).
The power received from the biofilm sample is compared
with that from the PNG sample by taking the ratio of the two
measurements

P
Rsample = %}j:l (D

In this way, any background noise and systematic errors can
be effectively removed. A baseline is established by taking the

ratio of two PNG measurements

Ppne,2

@)

Rbaselme PPNG, L

The fluctuations between two PNG measurements (baseline)
are less than +0.05 dB within the entire frequency range, indi-
cating that any frequencies where Rgampie > 0.05 dB are con-
sidered possible “communication bands”. The flowchart of the
algorithm and main MATLAB code for processing the data can
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Fig. 5. Measurement results from (a) a 43-day-old biofilm sample. Sample

birth date: September 17™, 2019. Measurement date: October 301, 2019, and
from (b) a 20-day-old biofilm sample. Sample birth date: October 18", 2019.
Measurement date: November 7, 2019.

be found in Appendix. Fig. 5(a) and (b) show the results obtained
from a 43-day-old and a 20-day-old biofilm samples, respec-
tively, using the settings listed in Table I. The power received
from the biofilm sample is notably higher than that from the PNG
sample in the 3—4 GHz frequency band whereas no significant
differences between the sample and the control are measured at
other frequencies. It should be noted that the measurement was
repeated 3—4 times every day (excluding weekends) from June
2019 to December 2019, and was performed on a large number
of samples of different ages. Similar frequency responses were
observed repeatedly.

IV. ZNO-NPY EXPOSURE EXPERIMENTS ON BIOFILM
SAMPLES

The validity of a biological source of the radiation in the 3—4
GHz range was examined by exposing biofilms samples to ZnO
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Fig. 6. Frequency responses of a 30-day-old biofilm sample before and after

the ZnO-NPY treatment. Sample birth date: November 12, 2019. Measurement
date: December 4, 2019.

nanopyramids (ZnO-NPY). ZnO nanopyramids with hexago-
nal base (ZnO-NPYs) are synthesized nanoparticles that have
been characterized extensively [27]-[29]. It has been previously
demonstrated that ZnO-NPY's have strong antibacterial effects
on S. aureus. They disrupt cell membranes and metabolism,
leading to cell death without destroying the structure of the
biofilms. For the ZnO-NPY exposure experiment, dry ZnO-NPY
powder was measured and reconstituted into PNG media and
sonicated for 5 minutes to ensure dispersion. Concentrations of
ZnO-NPYs were made at 500 pg/ml to ensure lethality [28].

We first measured the biofilm sample following the procedure
described in Sections II and III, then we added 10 ml ZnO-NPY
to both the biofilm sample and the PNG control sample, and took
the measurement again. Fig. 6 shows the frequency responses
of a 30-day-old biofilm sample before and after the ZnO-NPY
treatment. As observed previously, the biofilm sample exhibits
strong radiation in the 3-4 GHz band in its natural state. After the
ZnO-NPY treatment, the frequency response becomes relatively
flat over the band of interest, indicating that the signal is indeed
generated by the metabolic activities of the living constituent
cells rather than thermal emission of the biofilm material.

V. MONITORING SIGNAL TIMESCALES USING THE SPIRAL
ANTENNA SYSTEM

The previous experiments prove the existence of EM radiation
from living S. aureus biofilms, however, they do not provide
further information about the biological functions of such a
signal. Knowing the timescales of the signal can help relate EM
radiation to key biological activities, therefore, a rigorously con-
trolled 70-day longitudinal experiment is conducted to monitor
the signal intensity of 3 identical biofilm samples. Based on the
prior results, we now only focus on the 3-3.6 GHz frequency
range.

A spiral antenna system operating from 2-8 GHz with a short
far-field distance is chosen for this experiment. The new system
is aslightly modified version of the wideband near-zone radiative
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Fig. 7. The spiral antenna system diagram with a close-up view of a biofilm
sample on the spiral antenna.

TABLE I
SPIRAL ANTENNA SYSTEM SPECTRUM ANALYZER SETTINGS

Span 20 MHz

Resolution Bandwidth (RBW) 2 MHz

Video Bandwidth (VBW) 100 Hz

Sweep Time 500 ms
Number of Repetitions 10

system, where the signal collector is replaced by a spiral antenna.
Fig. 7 shows the system diagram.

The preparation of biofilm samples follows the same pro-
cedure described in Section II, Part A. For the new system,
the culture was diluted 1:10 into PNG and inoculated into a
circular polystyrene petri dish with a diameter of 60 mm for a
total final volume of 10 ml and a final concentration of 2 x 10°
CFU/ml. The size of the petri dish is chosen such that the biofilms
can cover the entire aperture of the spiral antenna. During the
measurement, the petri dish is directly placed on top of the spiral
antenna as shown in the close-up view in Fig. 7.

For data acquisition, a smaller span is chosen to achieve a
shorter sweep time. The spectrum analyzer settings are listed in
Table I1. The new system features less propagation path-loss and
higher sensitivity. The fluctuations of the baseline are less than
+0.03 dB.

We grew 3 biofilm samples on July 13, 2020, and the mea-
surements were conducted from July 16, 2020 (Day 3) through
September 21, 2020 (Day 70). The measurements started at the
same time on each day to eliminate the possibility of signal
fluctuation throughout the day. Fig. 8(a)—(h) show the frequency
responses of Sample # 3 on July 20" (Day 7), July 23™ (Day 10),
July 30" (Day 17), August 4" (Day 22), August 6™ (Day 24),
August 12 (Day 30), September 2" (Day 51), and September
18 (Day 67), respectively. Rgample and Ryaseline are given by (1)
and (2), respectively. Two photos of the sample taken on Day
7 and Day 30 are presented in Fig. 8(a) and (f). Two distinct
communication bands are identified, which are the 3.15-3.2
GHz band and the 3.4-3.5 GHz band. The frequency responses
of these biofilm samples are comparable to those observed using
the wideband near-zone radiative system. The slight frequency
shift could be resulted from the variations in the shape and size
of the biofilm constituents. The smaller petri dish concentrates
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Fig.8. Frequency responses of biofilm sample #3 on (a) July 20 (Day 7), (b)
July 23" (Day 10), (c) July 30" (Day 17), (d) August 4™ (Day 22), (e) August
6™ (Day 24), (f) August 12 (Day 30), (g) September 2™ (Day 51), and (h)
September 18" (Day 67).

the inoculum over a smaller area, accelerating the initial biofilm
forming process and may change the ultimate structure. Based on
the multi-physics model, the frequency of the radiation directly
depends on the dimensions of the cells and the amyloid fibrils.
Moreover, since there is less total biomass in a small petri
dish, the maximum amplitude of the signal is expected to be
smaller than that measured from a large petri dish. Fig. 9(a)
and (b) show the power spectrum density (PSD) of the biofilm
sample and the PNG, in the 3.15-3.2 GHz band and the 3.4-3.5
GHz band, respectively. The results were obtained from the
measurements conducted on August 12", when the strongest
radiation was observed. At first glance, the measured PSD of
the biofilm sample is only about 0.2 dB above the measured
PSD of the background noise. This difference may seem too
small to claim signal detection. However, the following analysis
clearly demonstrates that the 0.2 dB difference is actually a very
large dynamic range and is strong evidence of the existence of
EM radiation from biofilms.
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Fig. 9. Power spectrum density of the biofilm sample and PNG in the (a)
3.15-3.2 GHz and (b) 3.4-3.5 GHz bands.

First, it should be emphasized that Fig. 9 is just a sample of
many measurements that we have taken. Our detection criteria
are based on the average (mean) values of the measured PSDs
of the biofilm samples (Ssample) and background noise (SpnG).

The PSD of the background noise Spng is a Gaussian process
with a probability density function [26]

Iy’
ASV2T

where Spng is the average noise PSD and AS is the standard de-
viation (also known as measurement uncertainty). The measured
PSD with 95% confidence is within

Seng = Seng £ 1.96AS )

[ (Sene) = 3)

The measurement accuracy is dictated by AS, which is re-
lated to the resolution bandwidth (RBW) and video bandwidth
(VBW) of the spectrum analyzer, and the number of repeated
measurements (N) used in estimating the average PSD [24]

SpNnG
RBW
VN VBw

(5) indicates that we can reduce the uncertainty of the mea-
surement by increasing the ratio between RBW and VBW, and
by averaging over many repeated measurements. In our case,
RBW =2 MHz, VBW = 100 Hz and N = 10.

Referring to Fig. 9(a) as an example, for average background
noise of Spxg = —172.8 dBm/Hz (5.2481 x 10~ '*mW /Hz),
the standard deviation of the measured noise PSD is

5.2481 x 10718

AS = &)

AS = ——— = 1.1735 x 1072 mW/Hz
2x106
10 x =55
The 95% confidence interval of the measured back-

ground noiseis (5.2481 x 107® £ 2.3001 x 1072°) mW/Hz or
(—172.8 £ 0.019) dBm/Hz in logarithmic scale. The estimated
mean of the signal measured from the biofilm sample is -172.65
dBm/Hz (5.4325 x 10~ '8 mW/Hz), therefore, the average PSD
generated by the biofilms is

Shio = Ssample — Spng = 1.8443 x 1071 mW /Hz

This is 15.7 standard deviation away from the mean of the
noise. In signal detection, the probability of false detection for
a given threshold 7' (i.e., when noise exceeds the threshold 7)

TABLE III
PROBABILITY OF FALSE DETECTIOI\l FOR DIFFERENT THRESHOLD VALUES
n 1 2 3 15
P(false detection) % 15.8655 2.2750 0.1350 3.6710 x 107%°
TABLE IV

KEY PARAMETERS OF THE RADIATED SIGNAL

3.15-3.2 GHz Band 3.4-3.5 GHz bands

i 3.15 3.193

£ 3.405 3.459

P -112.5 dBm -114.5 dBm

P, -122.5 dBm/mm? -124.5 dBm/mm?

* Average thickness t = 3.5 um is used to calculate P,
is given by [30]

(SzT):/TOOf(S) dS:% {1—erf(;/‘2>} ©)

in which f(S) is the probability density function of the back-
ground noise given by (3) and erf(+) is the error function. Table I1I
lists the probability of false detection for different threshold
values. Typically, the detection threshold is set to 2 — 3 standard
deviation away from the mean of the noise. For a signal that
is more than 15 standard deviation away from the mean value
of the background noise, the chance of it being noise is almost
zero. Therefore, it is unquestionable that the measured signals
are radiation generated by the biofilms.

Based on the power spectrum, we can also estimate the
maximum total radiated power from the biofilms using

f2
P = (Ssample -
f1

where f; and f5 are the lower and higher ends of the spectrum
where the sample line is above the PNG line. The power density
generated by the biofilms can be estimated from

P
mrt

Sena) df @)

®)

where r = 30 mm is the radius of the petri dish and 7 is the
thickness of the biofilms. The thickness of the biofilms used in
the experiments is in the range of 2—5 um. We use the average
thickness ¢ = 3.5 um in the calculations. Table IV summarizes
the key parameters of the observed radiation. Although only the
frequency responses of Sample #3 are presented in Figs. 8 and
9, it should be noted that similar phenomena are also observed
in the other two samples.

The series of frequency responses shown in Fig. 8 present the
detailed frequency spectrum of the biofilm sample on each day,
however, it is difficult to evaluate how the signal evolves over
time based on individual frequency responses. To quantitatively
describe the radiation intensity across the entire frequency band
and demonstrate the variation of the signal over time, a parameter
A defined by:

A = Z | Rﬁample }

v =

Z Rbaqelme . (9)
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Fig. 10. The radiation strength (A) of the 3 biofilm samples from Day 3 to

Day 70.

is introduced, where 7 is the number data points in the frequency
response plot. Fig. 10 shows A for each sample over the 70-day
timescale. The radiation from Samples #2 and #3 exhibit similar
long-term patterns: the radiation intensity increases gradually
and reaches the maximum around day 32. After that, the ra-
diation intensity gradually decreases. Sample #1 also exhibits
significant radiation on day 32, but has two other radiation peaks
on day 22 and day 24. In addition to the long-term pattern,
several short-term fluctuations ranging from 1-5 days are also
observed. The significance of these timeframes is still under
investigation. One way to explain this behavior is by noting the
presence of multiple harmonics with respect to the biofilm life
cycles which depend on nutrients, temperature, strain, etc [31].
This phenomenon is quite similar to the dynamics of quorum
sensing in biofilms [32]-[34].

VI. CONCLUSION

Although it has long been suggested that biological cells may
transmit and receive EM waves, no prior convincing experimen-
tal evidence has been generated to support this hypothesis prior
to this paper. Our work is the first successful attempt to measure
EM radiation from S. aureus biofilms in the GHz frequency
range. Two measurement systems are used in the experiments.
Two distinct radiating bands in the 3-4 GHz frequency range
are identified. Over the course of a 70-day experiment, we dis-
covered a long-term cycle of the radiated signal with short-term
fluctuations. This work proves the existence of EM radiation
in biofilm communities, which is validated by examining mul-
tiple samples over a long period of time and comparing the
measured power with that of PNG media (no biofilms) in the
same petri dish. In addition, it is shown that exposing biofilms
with significant RF radiation to lethal doses of ZnO-NPYs,
which inhibits metabolic activity, eliminates the biofilm RF
emission.

APPENDIX

Flowchart of the data processing algorithm

Data Preprocessing*

l
! '

PNG data
(background noise)

| |
!

Biofilm sample data

Average 601 data points in each sweep span

l

Average N repeated measurements

l

Take the ratio of sample data to PNG data

l

Plot Rsample

*Indata preprocessing, all data are normalized to the matched load to calibrate
the gain variation of the amplifier. The data are configured into 3D datasets with
dimensions of 601 x m x N, where m is the number of sweep spans and N is
the number of repeated measurements used for average.

Main MATLAB code

£ 1
sample avgSpan = mean(sample data,l):;
PNG_avgSpan = mean (PNG data,l):;

% 2.average N repeated measurements

.average measured power in each sweep span

sample avgIrace = mean(sample avgsSpan, 3);
PNG_avgTrace = mean(PNG_avgSpan, 3);
ratio

¥ 3.take the of sample to media

ratio_avgFinal = sample avgTrace. /PNG_angIacE:

“*All data are in linear scale.
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