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The ability to monitor physiological parameters in deep anatomical regions can be essential for many aspects
of patient care. Emerging methods combine small implantable structures formed in soft, shape-responsive
materials with ultrasound imaging to address this need. The results allow for accurate long-term or transient
local measurements of biophysical or biochemical characteristics.

Physiological parameters such as core
body temperature, blood pressure, extra-
cellular fluid pH, glucose level, and tissue
oximetry are essential for stable function
at the cellular, tissue, and organ scales.
As a result, accurate longitudinal mea-
surements of these characteristics can
provide important pathophysiological in-
sights for early detection and treatment
of disease. Over recent years, the devel-
opment of bio-integrated electronic and
microfluidic devices'*® has created op-
portunities for real-time, noninvasive
monitoring, with the potential to revolu-
tionize personalized diagnosis and
therapy. Engineering approaches for
sensing and remote assessments span
optical, radio frequency, and thermal mo-
dalities but with limitations in measure-
ments at locations deep within the body
due to attenuation in biological tissues.
Challenges thus remain for tracking of
chemically or physically specific physio-
logical parameters in deep anatomical
regions.

In this context, ultrasound is of growing
interest due to its ability to penetrate
through significant depths (10 cm or
more) of tissues with high spatial
(micron-scale range) and temporal (sub-
millisecond) resolution. Ultrasound imag-
ing is extensively used as a routine diag-
nostic tool in clinical practice, where
contrast associated with anatomical
structures of internal organs follows
from variations in acoustic impedance.

Advanced methods use Doppler shifts to
capture flow velocities of blood in vessels
with suitable sizes. Recent advances in
functional ultrasound imaging enable
measurements of microbiological dy-
namics and activities in living systems.®
Moreover, the emergence of wearable
and conformable ultrasound patches al-
lows for noninvasive and continuous im-
aging and monitoring of central blood
pressure and flow.* Nevertheless, tech-
niques for monitoring of biophysical and
especially biochemical signals such as
pH, glucose concentration, temperature,
mechanical strain, and pressure remain
largely unexplored.

Responsive soft materials such as hy-
drogels, shape memory polymers, and
liquid crystal elastomers, of historical inter-
est for various biomedical applications,
may have relevance in this context. These
materials respond to external stimuli such
as pH, light, magnetic and electric fields,
ionic strength, glucose, and enzymes
through volumetric changes, shape trans-
formations, or modulations of mechanical
properties. Such responses can be ex-
ploited as the basis of biosensors. Specif-
ically, shape memory polymers memorize
temporary shapes and recover their per-
manent shapes upon exposure to external
stimuli. Liquid crystal elastomers possess
intrinsic molecular anisotropy, enabling
reversible and anisotropic changes in vol-
umes or mechanical properties depending
on the molecular designs.

Among these categories of responsive
soft materials, hydrogels (Figures 1A and
1B) offer attractive properties for bio-
sensing and other related healthcare ap-
plications due to their aqueous nature
and tissue-like soft mechanical proper-
ties.® These characteristics, together
with their intrinsic biochemical compati-
bility, allow for seamless integration with
target tissues for physiological monitoring
with minimal damage. Their responsive-
ness to variations in pH (Figure 1A) has
relevance to various pathophysiological
conditions such as leakage from the
gastrointestinal fluids, acidity of the tumor
microenvironment, and infection of
wounds. Specifically, suitable hydrogels
respond to changes in pH in the surround-
ing physiological environment through
volumetric expansion or contraction, de-
pending on the anionic or cationic nature
of functional groups in the hydrogel
network. Protonation or deprotonation of
these functional groups transforms the
network from hydrophobic to hydrophilic
when pH deviates from the acid dissocia-
tion constant (pK,). Subsequent changes
in osmotic pressure due to electrostatic
repulsion cause volumetric swelling or
deswelling of the hydrogel. Other exten-
sively studied hydrogels respond to
changes in temperature (Figure 1B), with
relevance to local variations in blood flow
and metabolic activity. The underlying
mechanism in these systems follows
from temperature-induced shifts in the
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Figure 1. Bioresorbable responsive materials systems for ultrasonic monitoring
(A) Schematic illustration of volumetric changes in bioresorbable pH-responsive hydrogels.
(B) Schematic illustration of volumetric changes in bioresorbable thermo-responsive hydrogels with a lower critical solution temperature (LCST).

(C) Schematic illustration of dimensional changes of features in ultrasound images for monitoring biophysical and biochemical signals in deep tissues.

(D) Schematic illustration of frequency shifts in reflected ultrasound waves for monitoring biophysical and biochemical signals in deep tissues.

(E) Ultrasonic monitoring of pH homeostasis and detection of anastomotic leakage from dimensional changes of features in ultrasound images. Adapted from Liu

et al.® with permission from Science.
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(F) Ultrasonic monitoring of intracranial pressure (ICP) and temperature from reflected ultrasound waves using hydrogels with periodically aligned air columns.
Adapted from Tang et al.” with permission from Nature.

(G) Schematic illustration of the potential to address various needs in clinical medicine via the combined use of bioresorbable responsive materials systems and

ultrasonic monitoring.

solubility in aqueous solutions, often
correlated with the critical solution tem-
perature that results in the phase transition
and volumetric change of the network. For
commonly used thermo-responsive hy-
drogels with a lower critical solution tem-
perature (LCST), the network experiences
a transition from a hydrated, expanded
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state to a dehydrated, collapsed state
when the temperature increases above
the LCST, resulting in deswelling of the hy-
drogel. Other examples of responsive hy-
drogels that can be exploited in biosen-
sors include glucose-responsive systems
that incorporate phenylboronic acid or
glucose oxidase as an enzyme for

sensing. lonic responsive hydrogels
respond to changes in the ionic strength
via variations of ionic conductivity, me-
chanical stiffness, or volume, offering po-
tential applications in wound healing and
sweat sensing. Rational choices and de-
signs of materials chemistry and composi-
tions in the hydrogel networks even allow
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for bioresorbable responsive materials.
The resulting systems can serve as the ba-
sis for temporary implantable sensors of
interest because they eliminate the need
for an additional surgical extraction
following a clinically relevant operational
lifetime.

As described recently, the combined
use of bioresorbable responsive materials
systems and advanced ultrasound tech-
nologies enables real-time, noninvasive
monitoring of relevant biophysical and
biochemical signals in deep tissues. In
particular, dimensional changes of fea-
tures in ultrasound images® (Figure 1C)
or frequency shifts in reflected ultrasound
waves”® (Figure 1D) serve as a mecha-
nism for transducing volumetric changes
of these responsive materials into
measurable signals that precisely define
variations in physiological properties of
the surrounding tissue environment at in-
dividual or multiple targeted regions
within soft tissues.

In the case of millimeter-scale, bio-
resorbable, shape-adaptive materials
structures® (Figure 1C), symmetrically
distributed metal discs generate strong
contrast in ultrasound images when
embedded within a soft, pH-responsive
hydrogel matrix for measurements of local
pH. The hydrogel undergoes well-defined
dimensional changes upon pH perturba-
tions in the surrounding environment,
thereby altering the spacings between
the discs, quantified by analysis of ultra-
sound images. The symmetric layout of
these discs and the mechanical flexibility
of the materials structures enable angle-
independent detection within a curvilinear
tissue environment. Suitable choices of
material chemistry of the responsive ma-
trix support operation across a range of
pH values relevant to the gastrointestinal
system for early assessments of anasto-
motic leaks that can occur following
gastrointestinal surgeries (Figure 1E).
This capability addresses an unmet clin-
ical need in postsurgical patient moni-
toring, where bioresorption after a recov-
ery period bypasses the need for
surgical extraction. Miniaturized versions
of these materials structures allow for
deployment by surgical implantation or
syringe injection, compatible with modern
minimally invasive procedures. Demon-
strations in small and large animal models
illustrate capabilities in monitoring leaks

from the stomach, the small intestine,
and the pancreas.

A complementary strategy’® (Figure
1D) uses periodically aligned air columns
within a hydrogel to allow for continuous
and wireless monitoring of intracranial
signals and mechanical strains. Here,
the air columns form structures that
reflect ultrasonic waves at specific fre-
quencies, depending on the spacing.
Changes in the resultant reflection
spectra follow from the active responses
of the hydrogels to changes in local pH
and temperature, or from passive defor-
mation due to pressure, flow rate, or
strain. Demonstrations include monitoring
in regions of the deep brain, tracking of
respiratory and cardiac cycles, and mea-
surements of tendon strains during
bending motions (Figure 1F). The milli-
meter-scale dimensions of these struc-
tures enable implantation using a punc-
ture needle, and bioresorption over
timescales of several weeks eliminates
the necessity for surgical extraction to
minimize risks of infection.

These examples illustrate the power of
combining advanced ultrasound technol-
ogies with responsive materials systems
for unique capabilities in biophysical and
biochemical sensing in deep tissues
without the need for complex electronic
or photonic devices, wireless communi-
cation hardware, power supplies, or
signal processing strategies. The chemi-
cal biocompatibility; the soft, tissue-like
mechanical properties; and the miniatur-
ized device dimensions are additional
attractive features of these approaches
for minimally invasive implantation pro-
cedures and reduced patient burden.
Tailored materials compositions further-
more support the natural processes of
bioresorption to address temporary
needs in patient monitoring without
requiring subsequent surgical extraction.

These and related approaches have the
immediate potential to address various
needs in clinical medicine (Figure 1G),
ranging from maintaining normothermia
intraoperatively via measurements of
core body temperature to assessments
of tumor growth via monitoring of the
acidic tumor microenvironment. Addi-
tional likely possibilities are in monitoring
of glucose levels and internal bleeding
through hydrogels designed to be respon-
sive to glucose and hemoglobin, respec-

¢? CellPress

tively. Improvements in the sensitivity
and spatiotemporal resolution may follow
from tailored chemistries that minimize
hysteresis and increase the volumetric
responsiveness. Additional routes to
enhanced capabilities will be enabled by
advanced ultrasound imaging systems
and signal analysis methods. Further
synergies lie in developments in neuro-
vascular functional ultrasound imaging,”®
ultrasound localization microscopy, '°
biomolecular ultrasound,® and wearable
ultrasound patches.” These and other
trends may allow for tracking of cellular
functions in living organisms and for
long-term monitoring in closed-loop sys-
tems that offer therapeutic benefits. In all
cases, advances in materials chemistry
will play an essential role.
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