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Abstract—In situ monitoring of bacterial growth can greatly
benefit human healthcare, biomedical research, and hygiene
management. Magnetic resonance imaging (MRI) offers two key
advantages in tracking bacterial growth: non-invasive monitoring
through opaque sample containers and no need for sample
pretreatment such as labeling. However, the large size and high cost
of conventional MRI systems are the roadblocks for in situ
monitoring. Here, we proposed a small, portable MRI system by
combining a small permanent magnet and an integrated radio-
frequency (RF) electronic chip that excites and reads out nuclear
spin motions in a sample, and utilize this small MRI platform for
in situ imaging of bacterial growth and biofilm formation. We
demonstrate that MRI images taken by the miniature––and thus
broadly deployable for in situ work––MRI system provide
information on the spatial distribution of bacterial density, and a
sequential set of MRI images taken at different times inform the
temporal change of the spatial map of bacterial density, showing
bacterial growth.

Index Terms—Bacterial growth, biofilm, in situ monitoring,
miniaturized MRI.

I. INTRODUCTION

THE ability to monitor bacterial growth and colony forma-
tion in situ holds significant importance in human health-

care, hygiene management, ecological engineering, water
treatment, and biotechnology. For example, tracking bacterial

aggregation in wounds and infusion tubes can help manage
infection in postoperative patients [1]; evaluating bacterial
development in groundwater or soil contaminants is beneficial
for studying the effectiveness of biodegradation [2]; surveilling
biofilm formation within water pipe networks may contributes
to control biofouling and biocorrosion [3]; and analyzing the
distribution of microorganism communities within microbial
fuel cell can offer strategies to improve productivity [4]. In light
of their importance, an extensive range of biosensors for bacte-
rial monitoring has been developed [5]. Optical biosensors com-
bined with fluorescent nucleic acid stains [6], [7], surface
plasmon resonance [8], [9], or chemical luminescence [10], [11]
can produce high-resolution images of bacterial distribution
with remarkable specificity. Moreover, direct and indirect elec-
trochemical biosensors [12] enable the determination of bacte-
rial concentrations through property changes of medium or
electrode surfaces, such as impedance [13], capacitance [14],
[15], amperometry [16], and conductivity [17], [18], [19].

Nuclear magnetic resonance (NMR) offers a non-invasive and
non-destructive pathway for sensing bacterial presence. Non-zero
spin nuclei such as 1H,13C, and 19F pose a magnetic moment.
When positioned in an external magnetic field and subject to
additional magnetic fields, they yield an NMR signal that pro-
vides molecular-level insights. During bacterial growth, the pres-
ence of bacteria can alter the transverse relaxation time (T2)—the
characteristic decay time of the transverse magnetization of a col-
lection of proton spins—of the NMR signal [20]. Hence, we can
exploit the NMR to assess the bacterial growth. In addition, bac-
terial accumulation that adds a biopolymer gel-like phase to the
pore walls and biomacromolecules to the fluid restricts the diffu-
sion of the molecules and affects the NMR relaxation signal [21].
Vogt et al. [22] proposed distinguishing growing biofilms from
porous media through intensified T2-relaxation due to the molec-
ular exchange between the protons from biofilm and bulk water.
These discoveries have paved the way for various applications in
monitoring bacterial growth process. For instance, Kirkland et al.
[23] detected the biogeochemical activity of contaminants in a
lab-scale bioreactor, while Zhang et al. [24] characterized biofilm
development process. Detection of biofouling in natural sand
media [25] and subsurface biofilm [26] using a low-field NMR
platform demonstrated the potential for on-site monitoring of the
growth and decay of biofouling.
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Magnetic resonance imaging (MRI), derived from NMR with
additional spatial encoding field gradients, enables additional
imaging capabilities of the object under screening within opaque
sample-containing tubes or pipes without the need for sample
pretreatment (e.g., labeling). MRI could thus serve as an attrac-
tive alternative for mapping bacterial growth. Efforts have been
made to track bacterial growth or presence using commercial
MRI equipment: Seymour et al. [27] used MRI to non-
invasively measure the pore scale dynamics and biofilm accu-
mulation in a homogeneous model porous media through

velocity imaging and magnetic relaxation weighted imaging,
and Caiz�an-Juanarena et al. [28] visualized biofilm distribution
and volume increase process on active carbon granular anodes
using MRI, aiming to improve the efficiency of microbial fuel
cells for wastewater treatment.

Conventional MRI systems designed for medical imaging
purposes are equipped with superconducting magnets and dis-
crete radioactive-frequency (RF) electronics, rendering them
bulky and expensive for broad deployment for in situ work.
Recent advancements [29], [30] in integrated circuits (IC) tech-
nology have led to the development of miniaturized NMR [31],
[32], [33], [34] and MRI systems [35], [36], [37]. Together with
substituting the power-/resource-depleting superconducting
magnet by a permanent magnet [38], [39], [40], [41], they sig-
nificantly reduce the footprint and cost of the MRI equipment,
making them more accessible for in-situ applications [42], [43].

Here, we demonstrate in situ monitoring of bacterial growth
and biofilm formation using a small, portable 1H MRI system
with a permanent magnet and customized IC [Fig. 1(a) and 1(b)].
It primarily includes a permanent magnet that allows for unham-
pered growth environments for bacteria, including temperature
conditions, a customized IC that excites the protons inside the
samples and captures their signals in a compact footprint to
enable on-site monitoring, and peripheral circuits for generating
the magnetic field gradients to spatially encode the signals from
the protons. The system acquires T2 (or R2) map of culturing bac-
teria from the T2-weighted images (T2WI) [Fig. 1(c)]. The pro-
posed method does not require special sample pretreatment,
transparency of the sample container, or cleanliness of sensitive
elements, making it handy and feasible for in situ applications. In
addition, in this work, we addressed the impact of magnetic field
drift on the image quality due to the deployment of the perma-
nent magnet and innovated a software-domain calibration
method to tackle such limitations, enhancing the practicality of
the proposed system under different conditions.

II. METHODOLOGY

A. Electronics for Miniaturized MRI System

The compact, portable MRI system is schematically illus-
trated in Fig. 1(a). Its backbone consists of a NdFeB permanent
magnet (NMR14030-037, DEXINMAG, China) with a static
magnetic field (B0) of 0.37 T (the corresponding NMR Larmor
frequency, fL, for

1H proton spins is approximately 15.7 MHz)
and a customized RF IC [44]. The RF chip, in conjunction with
a solenoidal RF coil surrounding a sample, is used to excite 1H
proton spins of the sample by transmitting the RF magnetic field
and to detect the NMR signal induced in the RF coil by spin pre-
cessions, both at frequencies at or around fL. The system also
contains 5 pairs of shim coils to lessen the inhomogeneity of the
static field B0 of the permanent magnet. In addition, for imaging,
the system features 3 pairs of gradient coils to introduce field
gradients––on top of the static field B0 of the shim-coil assisted
magnet––in all three dimensions. All shim and gradient coils are
planar-coil designed and fabricated by PCB to reduce the occu-
pied gap inside the magnet. Current injections in these 8 pairs
of coils are all independently controlled by microprocessors.

Fig. 1. (a) The miniaturized MRI system combines a permanent magnet, a cus-
tomized RF IC, and a system of RF, gradient, and shim coils. (b) The experimen-
tal setup of the miniature MRI system. For clarity, coil drivers are disconnected
from the coils in the picture. The compact footprint allows for placing the entire
setup in different apparatuses (e.g., inside a temperature or gas chamber) to
broaden the culturing scenario. (c) The simplified principle of using NMR/MRI
to monitor bacterial growth by observing the reduction in T2 due to bacterial
accumulation.
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The permanent magnet, the RF coil, the 5 pairs of shim coils,
the 3 pairs of gradient coils, and the electronics including the RF
IC and microprocessors altogether weigh �31 kg and occupy a
volume of 40 cm� 25 cm� 25 cm.

1) Customized RF IC: The IC, fabricated in a standard 180-
nm process, integrates an RF receiver, an RF transmitter, and a
programmable arbitrary pulse sequencer for hardware miniaturi-
zation [32]. The receiver, headed by a low-noise amplifier,
amplifies the spin precession signal captured by the RF coil and
features quadrature mixers to down-convert the amplified signal
into the intermediate frequency (<10 kHz). After passing
through low-pass filters, these processed analog signals are digi-
tized by external analog-to-digital converters (ADCs) for storing
the acquired data in the microcontroller (MCU).

The transmitter embodies a multi-phase generator and a
power amplifier. A benchtop signal generator (AFG31102,
Tektronix USA) provides an RF reference signal for the multi-
phase generator to generate 32-phase RF signals for synthesiz-
ing different NMR/MRI sequences. Then, the selected RF
signals with desired phases are delivered to the power ampli-
fiers, which inject the RF current into the coil to generate the
magnetic field and excite the nuclear spins for yielding the
desired MRI signals.

The pulse sequencer is a crucial component in mastering the
execution of the MRI experiment with different pulse sequences.
It reads the digital codes that represent the pattern and character-
istics of the pulse sequence from the MCU via a standard periph-
eral interface and stores them in the on-chip memory array (64
lines of 64-bit data). Each line of data embeds the pulse informa-
tion such as enable/disable of the receiver/transmitter, duration,
phase of RF excitation signals, etc. All of the digital codes are
written to the memory array before the beginning of the experi-
ment. The pulse sequencer executes these pre-defined commands
to govern the entire operation.

2) Gradient Coils and Related Electronics: To spatially
encode the protons over the field-of-view (FOV) for MRI image
reconstruction with precise synchronization with the RF IC, we
propose an auxiliary electronic system to operate the current
flow through the gradient coils for generating the magnetic field
gradients. The electronic system consists of an FPGA develop-
ment board (DE10-nano, Terasic, Taiwan), 10-bit digital-to-
analog converters (DACs) (LTC2634, Analog Devices, USA),
and coil drivers. The FPGA captures the trigger signal from the
IC and sends the preset digital codes to the DACs through a cus-
tomized serial peripheral interface (SPI) according to the MRI
sequence. The DACs convert the input codes to analog voltages
and feed them to the coil drivers for driving the gradient coils
with appropriate currents. The core of the coil driver contains
two signal amplification stages [Fig. 2(a)]. The first stage, based
on an operational amplifier (OPA2990, Texas Instruments,
USA) in the inverting configuration, converts the DAC’s output
voltage to a bipolar voltage between 65 V. The second stage,
based on a high-current operational amplifier (OPA548, Texas
Instruments, USA) in the inverting configuration, drives the
required currents to the coils. The later operational amplifier is
governed by an enable signal to ensure a complete cut-off when
no current is required to drive the coil. We can express the

current flowing through the gradient coil (Icoil) as

Icoil ¼
ð2Vin � 5Þ 1þ R3

R2

� �
Rcoil

, (1)

where Vin is the output from the DAC. Fig. 2(b) shows the rela-
tionship between the digital codes and the corresponding mea-
sured current through the x-direction gradient coil (Power
supply: 13 V, Rcoil ¼ 29 X, R3/R2 ¼ 1.5). The differential nonli-
nearity (DNL) and integral nonlinearity (INL) of the currents
flowing through the gradient coils are þ0.27/-0.37 and þ0.28/
-0.25 least significant bit (LSB, �817 lA), respectively.

Fig. 2. (a) The schematic of the coil driver. It contains two amplification stages
to convert the input voltage to the bipolar output coil current. (b) The current
flows through the gradient coil in the x-direction versus the digital input code
generated from the FPGA. (c) The structure of the x-direction gradient coil.
(d) The structure of the z-direction gradient Maxwell coil. (e) The simulation
results of the magnetic field and gradient strength in the z-direction along the
x-axis. (f) The simulation results of the magnetic field and gradient strength in the
z-direction along the z-axis. (g) The measurement results of the magnetic field in
the z-direction along the x-axis by injecting a 0.16-A current into the coil and the
calculated gradient strength. (h) The measurement results of the magnetic field in
the z-direction along the z-axis and the calculated gradient strength.
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The measured rise and fall times (from 10% to 90% of the tran-
sition) of the current pulse is 1.2 ls.

The x-direction gradient coil consists of four rectangular
planar coils [Fig. 2(c)]. Two coils with opposite current direc-
tions are placed on the top plane, each with a width of
W1 (21.4 mm) and a separation of 2R1 (32.8 mm, in the
x-direction) between the center of the coils. Two coils with the
same configuration are placed on the bottom plane, where the
separation between the top and bottom planes is D1 (27.6
mm). These four coils combined generate a magnetic field gra-
dient along the x-direction near the center. We verified the
magnetic field gradient generated by this configuration and
optimized its linearity by changing the mentioned parameters
using the finite-element analysis tool. The simulated gradient
at the center of the structure is 126 mT/m and drops by 20% at
7.5 mm from the center [Fig. 2(e)]. We measured the magnetic
field generated by the gradient coils using a digital Teslameter
(DTM-151, Group3, New Zealand). The measured gradient is
115 mT/m in the x-direction [Fig. 2(g)], which is consistent
with the simulation results. We set the available field-of-view
in the x-direction as 15 mm. The y-direction gradient coil has
the exact geometry, except it is rotated by 90� around the
z-axis to generate the gradient in the y-direction. Hence, the
FOV on the xy-plane is 15 mm � 15 mm.

For generating the z-direction magnetic field gradient, we
adopted a Maxwell coil which consists of two circular coils with
opposite current directions placed on two PCB planes [Fig.
2(d)]. We also optimized the geometric parameters for the
multi-turn coil using the finite-element analysis tool. The simu-
lated gradient strength in the z-direction is 215 mT/m at the cen-
ter and drops by 15% at 8 mm from there [Fig. 2(f)]. The
measured gradient along the z-direction is 235 mT/m [Fig. 2(h)].
The targeted resolution of the image should be smaller than the
thickness of the biofilm/bacteria colony for effectively probing
the T2 of the protons at that location. Based on the observed
thickness of the biofilms in the pipe from our experiments, the
thickness will reach 400 mm after a few days of cultures. Hence,
we target a pixel resolution at the scale of 0.1 mm. Then, we
designed the gradient coil drivers and their maximum currents
according to the required resolution. As an illustration, by apply-
ing a current of 0.388 A into the frequency-encoding gradient coil
(x-direction) and utilizing a 50-step phase encoding with 0.04-A
step-current in the phase-encoding gradient coil (y-direction), we
achieved an image resolution of 0.20� 0.15 mm2 for the T2WIs
in the xy-plane.

3) Shim Coils: Achieving a homogeneous static magnetic
field is vital for obtaining high-quality MRI images. We applied
active shimming with shim coils to homogenize the magnetic
field around the FOV to avoid image distortion attributable to
the magnetic field inhomogeneity. In our system, we have 5
pairs of shim coils to correct different orders of the magnetic
field. Three are linear magnetic-field shim coils to generate the
gradient along the x-, y-, and z-directions, respectively, which
are designed similarly to the gradient coils described above.
These coils feature less turn but wider trace width than gradient
coils, allowing for long-time and large current injection during
shim operation. The last two pairs of shim coils are used for

correcting the quadradic inhomogeneity (2z2-x2-y2) of the main
magnetic field [45] [Fig. 3(a)].

The shim coils are enabled during the image acquisition phase
to correct the field inhomogeneity. The MCU controls their
magnitudes to obtain the optimum results with the correspond-
ing DAC and coil drivers. We evaluate the shim performance by
monitoring the free induction decay signal from a 0.5-ml centri-
fuge tube (Safe-Lock tube, Eppendorf, Germany) filled with
water. Without shimming, the 1H free-induction decay (FID)
signal after fast Fourier transform (FFT) possesses a linewidth
of 1,400 Hz (full-width at half-maximum, FWHM), equivalent
to 88.7 ppm at 0.37 T. After applying shimming from five
groups of shim coils, the FWHM of the FID signal improves to
208.4 Hz, or 13.2 ppm at 0.37T [Fig. 3(b) and 3(c)].

4) RF Coil: The RF coil is a 7-turn solenoid coil (length:
7 mm, diameter: 9.4 mm) wound with enamel copper wire
(diameter: 1 mm). The measured inductance is 393 nH, with a
quality factor of 78 (at 15.7 MHz). This RF coil is fastened on a
3D-printed holder to stabilize the coil’s geometry.

B. Bacterial Culture Preparation

Escherichia coli (E. coli) K-12 strain MG1655 was selected
as the sample for the MRI monitoring experiments. Before every
MRI experiment, E. coli was incubated in the Luria-Bertani
(LB) broth (Cat No. 12780052, Thermo Fisher, CA) at 37�C for
18 hours. Subsequently, the E. Coli solution was collected and
diluted in the LB broth to achieve the desired bacterial concen-
tration, which is determined from the optical density (OD)
measurements (at 600 nm) using a microplate photometer
(Multskan FC, Thermo Fisher, CA). The E. Coli dilution with
an OD value ranging from 0.6 to 0.7 absorbance units (A.U.)
was chosen as the initial bacterial concentration for the later
experiments, as this range indicates an optimal growth state for
bacteria [46].

For the in-situ monitoring experiment, 20 lL of the diluted
E. Coli sample was added into a centrifuge tube containing
400 lL of LB broth for further MRI detection.

Fig. 3. (a) The structure of the shim coil for producing a quadradic shim field
Bz / ð2z2 � x2 � y2Þ. (b) The comparison of the 1H FID signals from water with
and without shimming. (c) The frequency spectrum of the obtained FID signal in
(b). By applying shimming, the FWHM of the spectrum improves from 1,400 Hz
to 208.4 Hz (88.9 to 13.2 ppm at 0.37T).
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To investigate the growth status of E. Coli under different
conditions, we applied additional pretreatment procedures to
the samples. Initially, three groups of diluted E. Coli samples
(20 lL each) were collected and placed in separate centrifuge
tubes. Then, one tube was subjected to ultraviolet (UV) light
exposure for 4 hours to sterilize bacteria within the tube,
which served as the control group. At the same time, the sec-
ond and third tubes were cultured at room temperature (22�C)
and 37�C inside the incubator for 4 hours, respectively. Subse-
quently, 400 lL of LB broth was added to each tube to provide
the necessary nutrients. The first tube was exposed to the UV
light for sterilization for 4 hours every day to inhibit bacteria
growth and maintained at room temperature for the remaining
time of the experiment.

C. Magnetic Field Fluctuation Calibration

To accelerate the MRI image acquisition, we use a single
sequence of RF excitation pulses (turbo spin echo sequence with
a turbo factor of 50; Fig. 4(a), top three rows), where the time to
echo (TE) can be adjusted, to obtain the NMR signal for construct-
ing a T2WI (Fig. 4(a), bottom row). While a single scan––i.e.,
one-time application of the pulse sequence––would be sufficient
to create a T2WI in the absence of noise, in practice, we repeat
the scan 192 times for signal averaging to improve the signal-to-
noise ratio and thus the image quality, because the NMR signal
from a single scan is weak due to the low static magnetic field
(B0� 0.37 T) of the permanent magnet.

During the repeated scans, the B0 field drifts due to the fluctu-
ation of ambient temperature (temperature coefficient: �2,300
ppm/K) [47], thus causing the base NMR frequency fL to drift.
Such fL drift would blur the MRI image. There are various hard-
ware and software techniques to circumvent such frequency drift
[48], [49], [50].

Herein, we utilize a navigator signal to calibrate the image
artifact due to the magnetic field fluctuation from the permanent
magnet. Compared with the existing approach of acquiring fre-
quency information through separate FID signals [51], our
method does not require adding auxiliary excitation sequences,
thus preserving the overall time for the experiment. During the
data acquisition, each scan starts with acquiring an FID signal
before running the turbo spin echo sequence [Fig. 4(a)]. The
FID signal, obtained in the absence of gradient field activation,
reveals fL at the beginning of each scan, within the accuracy of
the inhomogeneity of the shim-coil-assisted permanent magnet.
This scheme enables image calibration at the software domain
without adding extra hardware or any prior knowledge. During
a multi-scan (N) MRI experiment, we can notate the magnet’s
field drift over time as

BðtÞ ¼ B0 þ DBðtÞ, (2)

where B0 is the nominal magnetic field and DB(t) is the time-
varying component due to deviation in temperature. Then, we
can describe the fL of the i-th (i¼ 0, 1, … , N-1) MRI scan as

xiðtÞ ¼ cðB0 þ DBiðtÞÞ, (3)

where c is the gyromagnetic ratio. We can rewrite this equation as

xiðtÞ ¼ x0 þ DxiðtÞ, (4)

where x0 is the nominal Larmor frequency and Dxi(t) is the drift-
ing component. Since the temperature fluctuation is slow com-
pared with the duration of a single scan (�500 ms), we omitted
the effect caused by the fL-drifting within an individual scan. If we

Fig. 4. (a) Turbo spin echo sequence for excitation (top three rows) and
acquired NMR signal (bottom row) from which a T2WI is constructed. The
sequence starts with an initial 90˚ excitation (top row) to obtain an FID (bottom
row) to identify the fL drift for calibration. GPE and GFE: applied gradient for
phase encoding and frequency encoding. (b) Flow chart for magnetic field fluctu-
ation calibration. (c) The measured fL drift during 192 scans. (d) and (e) Acquired
T2WIs of a water-filled centrifuge tube without and with fL-drift calibration.
TE¼ 106 ms. Repetition time (TR): 3 s.
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also neglect the imperfections in phase shift due to the off-
resonance effect and nonuniform B0-weighting in the received
signal, Dxi(t) evenly affects all spins in the detection volume.
Consequently, we can treat Dxi(t) as a constant Dxi during a sin-
gle scan. The FID signal captured from the i-th scan [Si(t)] can be
simplified as

SiðtÞ ¼ Ai

ðþ1

�1
qiðxÞeð�t=T2ðxÞÞeð�iðxþDxiÞtÞdx, ðt � 0Þ (5)

SiðtÞ ¼ 1
2p

ðþ1

�1
bqiðxÞeð�iðxþDxiÞtÞdx, ðt � 0Þ (6)

where Ai is a complex amplitude representing the signal’s
strength and phase, q(x) is the spectral density function charac-
terizing the frequency distribution, T2(x) is the transverse relax-
ation time distribution, and x is the precessing frequency in the
rotating frame. The frequency spectrum [cq ið x Þ] can be
obtained by applying the fast Fourier transform (FFT) on the
time-domain FID signal

bqiðxÞ ¼
ðs
0
SiðtÞeiðxþDxiÞtdt: (7)

To estimate the frequency drift of each scan, we set the fre-
quency spectrum of the first MRI scan (i ¼ 0) as the reference
and designate the frequency of the maximum amplitude compo-
nent as a hallmark (Dx0 ¼ 0). Then, we can use the offset value
between the frequency of the maximum amplitude on the i-th
scan’s spectrum and the hallmark to estimate Dxi.

We assume above that the frequency drift can be neglected
when collecting MRI k-space data within a turbo spin-echo
pulse sequence, owing to the slow temperature fluctuation dur-
ing the short period. Hence, the entire collected k-space data in
the i-th scan shares the same fL-drift (Dxi) calculated from the
previous step. Then, the estimated Dxi from the FID of each
scan can be used to shift the frequency of the k-space data to get
the calibrated data of the corresponding scan as

SI,calðtÞ ¼ eiDxit �
ð ðcMðx, yÞe�iðcðx�Gxþy�GyÞþDxiÞtdxdy, (8)

wherecMðx, yÞ is a factor proportional to the local proton density
of the observed volume and Gx and Gy are the gradient strengths
at point (x, y). After applying a 2D FFT to (8), the resulting MRI
image from the i-th scan has the same frequency baseline as the
reference image (i¼ 0). Then, we perform averaging to all these
calibrated images to enhance the signal-to-noise ratio. The entire
calibration procedure is shown in Fig. 4(b).

D. Quantitative R2-Map Construction

Typical proton-density-based MRI is unsuitable for probing
the biofilms or bacterial aggregations in a wet environment due
to the lack of contrast in the density of 1H nuclei between the
biomass and the surrounding environment. Yet, studies have
shown that the microbial cells and the biofilm matrix restrict the
motion of water molecules in the vicinity, while the motion of
bulk water molecules is unrestricted [52]. Additionally, the bio-
film matrix could accumulate minerals from the growth medium,

leading to interactions between free metal ions and the matrix.
Collectively, they result in the shortening of T2-relaxation and a
decrease in the amplitude of the MRI signal [53]. Moreover, the
changes in the composition and pH of the culture medium,
caused by metabolic processes during bacterial growth, can also
affect the apparent T2 [20]. These factors provide the necessary
signal contrast in T2 between bacterial sites and the bulk environ-
ment, making T2-weighted MRI effective for visualizing bacte-
rial growth and biofilm formation.

We construct R2 maps (R2 ¼ 1/T2) to quantitatively calculate
the apparent T2 distribution of the acquired images with differ-
ent average TE values, allowing for direct visualization of T2
contrast. Specifically, we obtain the intensity of each pixel in the
R2 map by fitting the TE of the T2WIs and their corresponding
intensities (S) of the pixel via a mono-exponential decay func-
tion with a variable offset, as formulated by [44], [54]:

SðTEÞ ¼ A � eð�TE�R2Þ þ C: (9)

Here, A is the projected intensity in the particular pixel at the
beginning and C is a constant representing the system and sam-
ple noise. We generated the R2 maps of the object by using the
T2WIs acquired with seven different TE evenly distributed
between 161 and 785 ms for fitting the exponential function.
Furthermore, if the pixels with intensities in the T2WI of TE ¼
161 ms are lower than a threshold value (i.e., the region outside
the tube area), we set their values in the R2 map to zero to elimi-
nate unnecessary disturbance from those areas and reduce the
processing time.

III. RESULTS AND DISCUSSION

A. Verification of Magnetic Field Fluctuation Calibration

Fig. 4(c) shows the measured fL drift while imaging a water-
filled centrifuge tube consisting of 192 scans. Without calibra-
tion, the image is blurred and cannot portray the edge of the tube
due to the drift of tube location on the image [Fig. 4(d)]. With
the proposed calibration to track the fL and re-center the fre-
quency, the MRI image [Fig. 4(e)] can reconstruct the image
details, manifesting the calibration scheme’s appositeness. Note
that these images are along the yz-plane (refer to Fig. 1 for the
coordinate system we use) with no slice selection, i.e., an inten-
sity at a given pixel at (y, z) in the yz-image integrates all the sig-
nal along the x-axis for the given (y, z).

B. In Situ Monitoring of Bacterial Growth Over Time

It is crucial to ascertain that the magnetic field and MRI pulse
have minimal effect on bacterial growth to utilize the miniatur-
ized MRI system as an in-situ monitoring device. Hence, we
conducted an experiment where the E. Coli was incubated under
three different conditions to monitor their growth status using
the spectrophotometer to measure the OD value of the sample.
In the beginning, we injected the same concentration of E. Coli
into seven centrifuge tubes, each containing 400 lL of LB.
broth. Of these seven tubes, three tubes were incubated outside
the magnet and without RF magnetic fields acting as the control
group, while the remaining four were incubated inside the
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magnet, where one of them was subjected to the MRI sequence
(TE: 577 ms; TR: 5 s; number of averaging: 192). We set the
temperature to 37�C for all tubes. As shown in Fig. 5, the OD
values of all samples exhibit three growth stages (lag, exponen-
tial, and stationary) similar to the typical growth curve during an
8-hour interval. More importantly, no significant differences
were observed in the growth speed or stages among different
conditions (inside or outside the magnet, or with MRI
sequence), thereby verifying that neither the static nor RF mag-
netic field affects bacterial growth.

For bacterial imaging on our miniaturized MRI platform, we
culture E. Coli seeds in a centrifuge tube containing LB broth
and monitor their growth for 96 hours (Fig. 6). Camera images
[Fig. 6(a)] show that bacteria settle at the bottom of the tube due
to gravity in the beginning and form an increasingly thicker layer
over time with their growth. T2WIs––along the yz-plane with no
slice section––acquired by our MRI system with sufficiently
long TE values show the formation of the colonies. According to

the T2-weighted theories, the contrast between the two objectives
features different T2 can be enhanced when increasing the effec-
tive TE value of the RF pulse sequence [Fig. 4(a)]. Concretely,
for a short enough TE of 161 ms [Fig. 6(b)], T2WI intensities
remain similar across the entire tube regardless of time elapse,
but for a long enough TE of 577 ms [Fig. 6(c)], with time elapse
T2WI intensities become increasingly weaker (darker) towards
the bottom part of the tube where E. Coli colony is formed,
because the higher bacterial density, the shorter T2.

For every 24 hours, we acquire T2WIs with seven different
TE values and generate a spatial map of R2 values (Fig. 6). As
seen in Fig. 6(d), at the beginning, the T2 distribution is uni-
form across the tube. As time elapses, T2 values at the bottom
of the tube gradually decrease and the region of such
decreased T2 expands. This attests to bacterial growth upward
from the bottom of the tube. While both camera images
[Fig. 6(a)] and MRI results (either T2WIs of Fig. 6(c) or the
R2 map of Fig. 6(d)) can track bacterial growth, the MRI
method has the advantage of being able to track bacteria
growth inside an opaque tube.

To further substantiate the finding that MRI results reflect
bacterial growth, we culture E. Coli with the same amount of
inoculation in three centrifuge tubes, which are subjected to dif-
ferent treatments: one tube is sterilized, and the other two tubes,

Fig. 5. The obtained OD value from the sample containing E. Coli and the cul-
ture media versus incubation time outside and inside the magnet, plus one with
the MRI pulse sequences identical to the one applied in the actual imaging proto-
cols (all at 37�C). No noticeable differences are observed in the growth speed or
stages among the conditions.

Fig. 6. (a) Photographs of a tube with cultured bacteria. (b) and (c) T2WIs of
the sample with TE of 161 and 577 ms after averaging 192 calibrated scan results.
TR: 5 s. (d) R2 maps obtained from T2WIs with different TE values.

Fig. 7. (a)–(c) Obtained T2WIs (after averaging 192 calibrated scan results)
from three different bacteria samples, one in a tube sterilized by ultraviolet (UV)
light, and the other two in unsterilized tubes at 22�C and 37�C. TE: 577 ms.
TR: 5 s. (d) The T2WI intensity averaged across the squared marked region for
each sample vs. time.
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which are unsterilized, are kept at 22�C and 37�C. We obtain
T2WIs––again along the yz-plane with no slice section––of
these three tubes every 12 hours over 60 hours [Fig. 7(a)–7(c)].
For the sterilized tube where bacterial growth is inhibited, the
T2WI intensities remain uniform and unaltered for 60 hours
[Fig. 7(a)]. This serves as a foil to the case of Fig. 6(c)–6(d) and
implies that the changes in T2WIs of Fig. 6 are associated with
bacterial growth and aggregation rather than the sedimentation
of initial inoculation volume. Meanwhile, for the unsterilized
tubes kept at 22�C and 37�C, bacteria grow over time, as

confirmed by the eventual emergence of dark regions at the bot-
tom of the T2WIs [Fig. 7(b)–7(c)]. Moreover, we track the
T2WI intensities in the square-marked regions in three tubes
[Fig. 7(a)–7(c)] as quantitative indicators of bacterial density
and show the results in Fig. 7(d). As seen, the intensity exhibits,
at least for the first 48 hours, a faster decay at 37�C than at
22�C, which agrees with the fact that E. Coli grows faster at
37�C than at room temperature [55]. The reversal of the signal
intensity after 48 hours may be due to the promotion of expres-
sion of biofilm-dependent genes at low temperatures after bacte-
ria changed from planktonic state to biofilm phase [56].

C. Biofilm Distribution Inside Tube Monitoring

To further demonstrate the capability of the MRI system to
image bacterial development, such as biofilm formation inside
the container, we utilize our MRI system to take images of a
bacteria biofilm inside a thermoplastic elastomer pipe [Fig.
8(a)], where the inserted figure shows the camera image of
biofilm in the inner wall of the pipe. This time, we take xy
images with no slice selection [Fig. 8(b)] and yz images with
no slice selection [Fig. 8(c)], after a 96-hour culture (the coor-
dinate system of Fig. 8 is consistent with that of Fig. 1). Both
xy and yz T2WIs with a long enough TE of 577 ms show bio-
film formation in parts of the inner wall of the pipe, and so do
xy and yz R2-maps [Fig. 8(b) and 8(c)]. These results demon-
strate the ability of our small MRI platform to provide 3D per-
spectives of bacteria biofilm. We also conducted a similar
experiment where the medium inside the tube flowed at a rate
of 10 mL/min. The resulting images show similar patterns of
biofilm and bacteria colony formations, indicating the sys-
tem’s feasibility to monitor bacterial growth amid liquid flow
inside the tube.

IV. CONCLUSION AND DISCUSSION

In conclusion, we have demonstrated an application of a min-
iaturized MRI system for in situ, non-invasive monitoring of
bacterial growth and colony formation, representing an

Fig. 8. (a) Setup to monitor a biofilm inside a thermoplastic elastomer pipe
(TPU, inner diameter: 3 mm). To provide adequate nutrition for bacterial growth,
we inject 10 mL of broth into the pipe at a speed of around 2 mL/min every 12
hours using an injector. Bacteria are initially inoculated inside a 3D-printed reser-
voir and then flown through the tube to aggregate and form biofilm on the tube’s
inner surface caused by the injection operation. A 3D-printed reservoir is used
not only for the initial inoculation of bacteria but also for slowing down the flow
rate of broth injection and increasing the probability of bacteria attaching to the
inner surface. Transparent TPU is chosen so that it is easy to verify the correct-
ness of MRI imaging results and whether there is a biofilm. The inserted camera
image illustrates biofilm formation inside the tube. (b) xy T2WIs (each obtained
after averaging 192 calibrated scan results) and xy R2 map. (c) yz T2WIs (each
obtained after averaging 192 calibrated scan results) and yz R2 map. TR ¼ 5 s.
Each R2 map in (b) and (c) is obtained from seven T2WIs with seven TE values
evenly distributed from 161 to 785 ms.

Fig. 9. A radar chart comparing the characteristics of bacterial monitoring uti-
lizing different mechanisms.
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advancement in the field of microbiology. MRI images taken by
the small platform inform quantifiable spatial distributions of
bacteria density. Due to it eliminating the need for sample prep-
aration, immobilized biocomponent, or the opening of sample-
containing tubes or pipes, the MRI-based technique might serve
as a complementary alternative to optical and electrochemical
methods for on-site tracking of bacterial growth and imaging
bacterial distribution (Fig. 9). Our study demonstrated the plat-
form’s functionality, providing evidence of its potential in real-
time, non-invasive monitoring of bacterial populations.

The proposed platform opens up new avenues for studying
bacterial dynamics in situ and in real-time, both in the laboratory
and in the field, and provides an alternative to monitoring bacte-
rial populations, leading to advancements in areas such as disease
diagnostics, antimicrobial susceptibility testing, environmental
microbiology, and biotechnological processes. Moreover, the
platform could serve as a foundation for developing similar por-
table MRI technologies for monitoring other biological entities,
such as viruses, fungi, or biological cells. This would expand the
scope of portable MRI technology, advancing it beyond bacteria
monitoring and bringing it to the forefront of various scientific
and clinical domains.
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