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Monitoring homeostasis is an essential aspect of obtaining pathophysiological insights for treating
patients. Accurate, timely assessments of homeostatic dysregulation in deep tissues typically require
expensive imaging techniques or invasive biopsies. We introduce a bioresorbable shape-adaptive
materials structure that enables real-time monitoring of deep-tissue homeostasis using conventional
ultrasound instruments. Collections of small bioresorbable metal disks distributed within thin,
pH-responsive hydrogels, deployed by surgical implantation or syringe injection, allow ultrasound-based
measurements of spatiotemporal changes in pH for early assessments of anastomotic leaks after
gastrointestinal surgeries, and their bioresorption after a recovery period eliminates the need for
surgical extraction. Demonstrations in small and large animal models illustrate capabilities in monitoring
leakage from the small intestine, the stomach, and the pancreas.

D
isruption of homeostasis represents a
core feature of disease pathogenesis.
Monitoring homeostasis at relevant ana-
tomical sites thus provides essential
physiological and pathological informa-

tion crucial to early diagnosis before the onset
of externally observable symptoms. Recentwork
has demonstrated the potential for use of bio-
electronic devices in continuous, noninvasive
detection of changes in parameters related to
homeostasis, including blood pressure and flow
(1, 2), temperature (1), extracellular fluid pH (3),
blood glucose (4, 5), tissue oximetry (6), and
cerebral interstitial fluid (7). Measurement
modalities rely on optical (7–10), thermal (11–13),
or radiofrequency (2, 14–16) signals of physio-
logical processes. Attenuation in biological tis-
sues limits the use of these mechanisms to
shallow depths, sometimes up to the centimeter
scale (17–22), which is insufficient for assess-
ments of deep tissues. Approaches to moni-
toring homeostasis in deep tissues such as
computed tomography (CT), x-ray imaging, or
biopsies are often costly, invasive, and incom-
patible with continuous detection. In this con-
text, advanced ultrasound imaging methods are
of growing interest given their ease of use, wide
availability, absence of radiation exposure, and
capacity to probe to substantial depths (10 cm
or more) (23) at high spatial resolution (a few

hundredmicrometers) (24). Recent advances in
functional ultrasound imaging indicate possi-
bilities for monitoring physiological (25, 26)
and microbiological dynamics (27, 28) in com-
plex environments.

Materials and structural designs

Millimeter-scale bioresorbable materials struc-
tures introduced here enable real-time spatio-
temporal measurements of perturbations of
chemical or physical homeostatic parameters
in shallow or deep tissue locations by conven-
tional ultrasound imaging, offering specific
clinically relevant uses in temporary patient
monitoring (see supplementary text in the
supplementarymaterials for a detailed discus-
sion about monitoring homeostatic dysregu-
lation). These bioresorbable, thin, and flexible
implants incorporate symmetrically distrib-
uted collections of structures that generate
strong contrast in ultrasound images embedded
in a soft, shape-adaptivematrixmaterial (Fig. 1A),
referred to hereafter as a bioresorbable, shape-
adaptive, ultrasound-readable materials struc-
ture (BioSUM). A circular ring feature serves
as an anchor for suturing the device to ad-
jacent tissues. Thematrix (Fig. 1A, green color)
undergoes well-defined dimensional changes
upon interactions with the surrounding bio-
fluid environment by amounts that depend on

a local parameter of interest. These transfor-
mations change the spacings between the ultra-
sonic indicators by magnitudes that can be
quantitatively determined by imaging. The
indicators consist of small disks of bioresor-
bable metals (e.g., Mg, Zn, Fe, W, or Mo) se-
lected to maximize the acoustic impedance
mismatch with the surroundings to ensure
strong contrast in ultrasound images. The en-
visioned clinical use case is in postsurgical
monitoring of patient status throughout a
recovery period, after which resorption into
the body by means of hydrolysis and natural
metabolic reactions naturally eliminates the
device, thereby bypassing the need for surgical
extraction procedures (Fig. 1, B to D).
Homeostatic pH regulation is crucial for

maintaining proper cellular and physiological
functions. Perturbationsmay result fromendog-
enousmetabolic crises (e.g., acidosis or alkalosis)
or exogenous events (e.g., surgical interventions
or trauma). For example, leakage of gastrointes-
tinal (GI) fluids secondary to anastomosis sur-
geries may cause considerable alterations in
local pH homeostasis, with the potential to
propagate throughout the peritoneal cavity,
leading to organ dysfunctions and failures
(29). Accurate monitoring of the pH in tissues
surrounding the anastomotic site thus offers
an opportunity for early detection of leakage
with high sensitivity and specificity, to allow
for therapeutic interventions that can reduce
the morbidity and mortality of postoperative
complications in GI surgeries [which range
from 5 to 25%, depending on the sites of
anastomosis (29)]. The absence of standard
clinical approaches for assessments and the
vague nature of patient symptoms in many
cases pose additional challenges to early and
accurate detection of anastomotic leakage
(see supplementary text for details about the
severity of these complications). In our proposed
scheme, suturing one ormore BioSUMsnear the
location of the anastomosis as the final step of
the surgical procedure provides the basis for fre-
quent monitoring through ultrasound imaging
during a recovery period (see supplementary text
and fig. S1 for an alternative approach to fixa-
tion that uses bioresorbable adhesives). The
small dimensions of the devices, their thin
geometries, and their soft, flexible mechanical
properties provide an additional deployment
option by way of syringe injection (Fig. 1E, fig.
S2, and movie S1) to facilitate implantation
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during laparoscopic surgeries (movie S2). Their
bioresorbable construction eliminates the need
for surgical extraction subsequent to a desired
timeframe for operation.Theexamplespresented
here illustrate capabilities in monitoring gas-
tric, small intestinal, and pancreatic leakage as
three representative cases (Fig. 1F).
These illustrations rely on hydrogels as pH-

responsive matrix materials, tailored to operate
across relevant ranges of pH values. Specifically,

the gastric environment can present pH values
as low as 1.0, thereby requiring hydrogels that
swell in these acidic conditions while offering
stable chemical and mechanical properties in
these aggressive environments (BioSUM1).Moni-
toring for small intestinal leaks, by contrast, relies
on hydrogels that operate at values of pH (~6.8)
that are only slightly lower than normal phys-
iological levels (~7.4) (BioSUM2). The pancreas
presents alkaline conditions, thus requiring hy-

drogels that are responsive to pH values larger
than 7.4 (BioSUM3). Figure 1G summarizes the
relevant pH ranges for these three classes of hy-
drogels and their corresponding organ interfaces.
Each is also designed to be fully bioresorbable
(Fig. 1H and figs. S3 to S7; see supplementary
text for the detailed mechanism). Choosing bio-
resorbable metals (30) and hydrogel materials
(31–34) that undergo dissolution reactions and
hydrolytic chain scissions in biofluids leads to

Fig. 1. Bioresorbable shape-adaptive ultrasound-readable materials
structures (BioSUMs) for real-time monitoring of homeostasis in deep
tissues. (A) Schematic illustration of our device, which includes a sparse
collection of metal disks embedded in a thin hydrogel. (B) The BioSUM enables
ultrasonic monitoring of homeostasis in deep tissues. (C) Ultrasonic signals
from a BioSUM indicate homeostatic perturbations. (D) Subsequent
bioresorption of the BioSUM eliminates the need for surgical extraction.
(E) Miniaturized designs allow for implantation by laparoscopic surgery. Images

of three BioSUMs of different dimensions (12, 7, and 3 mm in diameter)
on the finger (left), wrapped around a plastic tube with an outer diameter of
3.175 mm (top right), and in a bent state (bottom right). (F) Schematic
illustration of a BioSUM for detecting postsurgical leakage from the stomach,
small intestine, and pancreas. (G) pH-responsive ranges for BioSUM1, BioSUM2,
and BioSUM3, and the corresponding pH values of representative digestive
juices. (H) Images of the accelerated dissolution of a BioSUM2 in PBS (pH 7.4)
solution at 95°C.
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conversion intobenignproductsoverwell-defined
timescales. Figure 1H illustrates the accelerated
dissolution pathway of BioSUM2 in phosphate-
buffered saline (PBS; pH 7.4) at 95°C. The device
largely dissolves within 15 days, and the residual
materials disappear entirely after 29 days. At
body temperature, the latter timescale corre-
sponds to 174, 160, and 241 days for BioSUM1,
BioSUM2, and BioSUM3, respectively.

pH-responsive behavior

The pH responses of the hydrogels originate
from their chemical compositions. Materials
for gastric and small intestinal leaks involve
poly [2-(dimethylamino)ethyl methacrylate-
co-2-(diisopropylamino)ethyl methacrylate]
[p(DMAEMA-DPAEMA)] with polyethylene gly-
col diacrylate (PEGDA; number-average molec-
ular weightMn = 250) as a cross-linker (34, 35)
(Fig. 2, A and B). DMAEMA and DPAEMA con-
tain tertiary amine moieties that undergo pro-
tonation and subsequent changes in osmotic
pressureas thepHdecreases.Thehydrogel chem-
istry that responds in alkaline conditions relies
on poly (acrylic acid–butyl acrylate) [p(AAc-BA)]
with PEGDA as a cross-linker (Fig. 2, A and C).
Elevation of pH results in protonation of the
carboxyl moieties in AAc and a corresponding
conformational change of the hydrogel network
due to hydrophilicity. Specifically, the addition
of hydrophobic BA hinders the protonation of
carboxyl groups around the original pKa (where
Ka is the acid dissociation constant) of the AAc
moiety (~4.25) and shifts the swelling transition
to values larger than the physiological pH of
7.4 (36) (see supplementary text, figs. S8 to S11,
and tables S2 to S5 for details about materials
designs). Finite element analysis (FEA) that
includes the effects of coupled diffusion and
deformation (37, 38) can capture the swelling
kinetics in these polyelectrolyte hydrogels. Pro-
tonation of pH-responsive moieties enables the
diffusion of buffer solutions into the cross-linked
networks and successive expansion of elasto-
meric chains. The diffusivity (in the range of
10−8 to 10−12 m2/s) (37, 38) and the thicknesses
of the hydrogels largely determine the swelling
kinetics. The swelling ratio correlates to the
inverse square of thickness, ~t/h2, where t is
time and h is thickness. Physical entanglement
andgrafted side chains in thehydrogel networks
contribute to considerable swelling ratios at the
equilibrium state (see supplementary text, figs.
S12 to S14, and table S1 for more details about
the swelling of hydrogels). FEA results predict
the thickness-dependent swelling behavior of
BioSUM1 for 10 min at different pH values, in
terms of the percentage change in length (DL/
L0%) (fig. S15). To balance the need for both
fast response time and small dimensions, the
circular parts of the devices reported here have
thicknesses of 300 mm and diameters of 7 mm,
with a symmetrically distributed collection of
thin, circular disks of Zn (1 mm diameter and

25 mm thickness) located at the midpoint of the
thickness of the hydrogel (fig. S16A). The disks
induce nomeasurablemechanical constraints
on the swelling of the hydrogel matrix (fig. S17).
Further miniaturized devices (4 mm diameter
and 200 mm thickness), with expected enhance-
ments in response times (figs. S16B and S18)
facilitate use in small animal models.
Figure 2, D andE, presents experimentalmea-

surements and FEA results for the time-resolved
swelling behavior of BioSUM1 in a citrate buffer
solution at pH 4.5. Increasing themolar ratio of
DPAEMA improves the mechanical robustness
to ensure stable behavior in strongly acidic gas-
tric fluids (figs. S9 and S19 to S21 and tables S2
to S4). This increase also, however, reduces the
degree of swelling near physiological pH. Ex-
perimental measurements alongwith FEAmodel-
ing of the swelling ratios (DL/L0%) for BioSUM1
and BioSUM2 are presented in Fig. 2, F to K.
For example, BioSUM1 swells by 65% in pH 4.0
citrate buffer solution within 30 min, and
BioSUM2 swells by 12% in pH 7.2 in the same
timeframe. When in direct contact with sim-
ulated gastric fluid (SGF; pH ~1.2), BioSUM1
swells by 10% in less than 1 min and reaches
>35% in 30 min (Fig. 2H). BioSUM2 can
respond to 1 ml of simulated intestinal fluid
(SIF; pH ~6.8) applied directly onto the device
by swelling >10% within 10 min and >15% in
30 min (Fig. 2K). Figure 2, L and M, presents
the response of BioSUM3 to alkaline condi-
tions. BioSUM3 swells by 35% in pH 9 within
30 min (Fig. 2L), to an equilibrium swelling
ratio of ~40% (Fig. 2M). BioSUM3 swells by
10% within 1 min after contact with 1 ml of
simulated pancreatic juice (SPJ; pH ~8.2), and
it reaches 30% in 30min (Fig. 2N). FEAmodel-
ing accurately predicts the swelling kinetics for
all cases (Fig. 2, F, I, and L).
Multiple devices at strategic anatomical

locations relative to a surgical site provided the
basis for spatiotemporal monitoring of the
convective spread of SGF (Fig. 2, O and P, and
figs. S22 and S23). Benchtop demonstrations
involved the introduction of SGF on one end
of a slab of agarose gel. Seven sensors distrib-
uted along a straight line in a thin layer of PBS
solution on this gel allowed measurements of
the swelling ratios at corresponding locations,
to a distance of 30 cm from the origin at a
spacing of 5 cm. Figure 2P shows the time-
resolved responses of BioSUM1 at different lo-
cations, indicating expected performance and a
spatial resolution comparable to the sizes and
spacings of the devices.

Sensing by ultrasound imaging in deep tissues

Ultrasound B-mode imaging serves as a mech-
anism for quantitatively evaluating the pH-
dependent geometry of these responsive hydrogels
when implanted at deep tissue locations. The
disks of Zn, an established bioresorbablemetal
that reacts with water to yield the benign end

product Zn(OH)2 (30), act as ultrasonic indica-
tors. The acoustic impedance mismatch between
these Zn structures and the surrounding hydro-
gel matrix and adjacent soft tissues enhances
their visibility in B-mode images. The reflection
coefficient is approximately proportional to
(Z1 − Z2)

2/(Z1 + Z2)
2 for structure thickness

greater than ~20 mm for normal incidence
specular reflections (39), where Z1 and Z2 are the
impedances for the Zn and the hydrogel, re-
spectively (see supplementary text and figs. S11
and S24 for details about reflections for thick-
nesses of <20 mm). For the systems reported
here, the reflection coefficients at the interface
between the Zn structures and the hydrogel are
>80%. By contrast, coefficients between typical
surrounding soft tissues and the hydrogel are
<0.5%. The symmetric, circular distribution
of these disks (Fig. 3, A to C) allows ultrasonic
visualization in amanner that is independent
of the orientation. During an ultrasound scan,
acoustic waves generated by the transducer
penetrate through tissues and reflect from these
disks to form a cross-sectional image of their
spacings. For the specific geometry presented
here, the array of disks appears as three equally
distributed bright segments in the image,
clearly differentiated frombackground features
associated with tissue structures. The distance
between these hyperechoic components may
shift in ultrasound images, depending on the
specific cross-sectional position and orientation
of the acoustic waves with respect to the device
(Fig. 3A). The cross-sectional position across the
diameter of the device represents the largest
separation distance between bright segments
in B-mode imaging, which defines the actual
changes in dimension. An example of this pro-
cess conducted in a rat model with a device on
the surface of the stomach is shown in Fig. 3D.
The left image denotes signals of BioSUM on
the perimeter, and the right image shows sig-
nals from three disks along the diameter.
The symmetric design of the disks and the

mechanically flexible nature of the BioSUM
enable detection in nonplanar configurations
(figs. S25 to S27). For example,when theBioSUM
is not parallel to the transducer, it appears tilted
in the B-mode image yet still reflects signals
fromthe threedisks along thediameter (Fig. 3C).
The natural curvature of the targeted organs
may lead to such tilted orientations (Fig. 3E)
but without an effect on the measured dis-
tances between the disks, as in the right image
of Fig. 3D. For additional details, see the sup-
plementary text and figs. S28 and S29.
The signal-to-noise ratio (SNR) and the lat-

eral resolution in B-mode images quantify the
signal quality, yet both properties diminish with
depth owing to the attenuation of ultrasonic
waves as they propagate through the tissues. The
lateral resolution (in terms of absolute length)
is proportional to lF/L (40), where l is the
ultrasoundwavelength, F is the focal depth, and
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Fig. 2. pH-responsive behaviors of shape-adaptive materials structures.
(A) Chemical structures of the monomers, oligomers, and cross-linker in the
pH-responsive hydrogels used in the BioSUM system. (B) Schematic illustration of the
mechanism for pH-responsive hydrogels in BioSUM1 and BioSUM2. (C) Schematic
illustration of the mechanism for the pH-responsive hydrogel in BioSUM3. (D) Time-
dependent response of a BioSUM1 when immersed in a solution with pH 4.5. (E) FEA
modeling results of the case shown in (D). (F, I, and L) Ultrasonic measurement
of time-dependent responses of BioSUM1, BioSUM2, and BioSUM3, respectively, to
immersion in solutions with different pH values. DL/L0 (%) denotes the swelling ratio.
(G, J, andM) Response of BioSUM1, BioSUM2, and BioSUM3, respectively, to immersion

in solutions with different pH values at the equilibrium state. (H, K, and N) Optical
measurement of sensitivity of a BioSUM to the introduction of different amounts
of simulated GI fluids, including the response time for reaching 10%DL/L0 andDL/L0% at
30 min. (H) Response of a BioSUM1 to simulated gastric fluid. (K) Response of a
BioSUM2 to simulated small intestinal fluid. (N) Response of a BioSUM3 to simulated
pancreatic juice. (O) Schematic illustration of the setup for spatiotemporal mapping
of pH with BioSUM1s. (P) Spatiotemporal characteristics, determined through optical
methods, of BioSUM1s in response to the introduction of simulated gastric fluid at
one end of the system. BioSUMs are fully swollen in PBS (pH 7.4) for 24 hours before
the measurements presented here. Error bars in (F) to (N) represent ±SD.
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L is the aperture length.With a fixed transducer
(i.e., fixed aperture length) and scanning fre-
quency (i.e., ultrasound wavelength), the resolu-
tion decreases with depth. Scattering from
heterogeneous tissues causes attenuation that
deteriorates the SNR as the depth increases. Ex-
perimental and numerical investigations (Fig. 3,
F and G, and figs. S11 and S30 to S34) quantify
thedepthdependence of the signal quality using
ultrasonic waves with frequencies of 5 MHz.

The experimental and numerical simulation
results show similar trends over depth. The
slightly lower signal quality from experiments
may be attributed to effects of inhomogene-
ities in the soft tissues. The deviation of the
measured separation between Zn disks divided
by the actual separation, Dx/x0, serves as a
relevant metric. Numerical simulation and ex-
perimental results for images captured under-
neath a pork phantom inFig. 3F show thatDx/x0

increases with depth but remains <0.1 for depths
up to 15 cm. This result indicates that dimen-
sional changes of 10% or more can be accu-
rately detected at depths of 15 cm, consistent
with the swelling behaviors of the devices re-
ported here. For SNR defined as the average
contrast of three bright segments relative to the
background, the results indicate that the SNR
remains >18 dB for depths of up to 15 cm (Fig.
3G), which is necessary for clear visualization

Fig. 3. Sensing by ultrasound imaging in deep tissues. (A) Schematic
illustration of the cross-sectional position of acoustic waves relative to a BioSUM
in different cases, and the corresponding signals in the ultrasound B-mode
image. (B) The symmetric design enables ultrasonic visualization independent
of the orientation of the transducer. (C) Schematic illustration of a BioSUM in a
tilted case, and the corresponding signals in the ultrasound B-mode image.
(D) Ultrasound B-mode images of a BioSUM on the stomach in a rat model
demonstrating the cross-sectional position of acoustic waves in different cases,

correlated to the schematic illustration in (A). (E) Ultrasound B-mode image
of a BioSUM in a tilted case on the stomach in a rat model, corresponding
to the schematic illustration in (C). (F) Experimental and numerical simulation
results for the measurement accuracy of a BioSUM at different depths. Dx/x0
is the deviation of measured length divided by the actual length. (G) Experimental
and numerical simulation results for the signal-to-noise ratio at different
depths. Inset images are schematic illustrations of the image contrast in
decibels. Error bars in (F) and (G) represent ±SD.
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in medical imaging (23). The SNR and Dx/x0
deteriorate as the diameter of the Zn disks
decreases (figs. S11 and S30), as a limiting con-
sideration in miniaturizing these structures.
Simulation results indicate that to achieve
Dx/x0 ~ 0.1 and SNR~ 18 dB, the hydrogel and

disks must have diameters of 3 and 0.5 mm,
respectively (fig. S35).

Monitoring pH homeostasis in animal models

Longitudinal measurements using rat models
validate the feasibility of ultrasonic detection

of GI leakage in a manner that is compatible
with various ultrasound imaging systems (figs.
S36 and S37). Our studies involved imaging
after implantation on the stomach and for a
subsequent 14 days to confirm the geometric
and operational stability in this physiological

Fig. 4. Longitudinal monitoring
of pH homeostasis of the rat
gastrointestinal system.
(A) Schematic illustration of the
implantation and sensing procedure
for a BioSUM1 on the stomach of a
rat. [Created with Biorender.com]
(B) Images showing the expansion
of a BioSUM1 2 hours after creating a
single gastrotomy. (C) Ultrasound
images of a BioSUM1 on the stomach
over a 14-day stabilization period
without induced gastric leakage.
The depth of the array of Zn disks
changes between day 0 and day
1 because of postoperative reloca-
tion of organs. (D) Longitudinal
ultrasound images of BioSUM1 on
the stomach after acute gastro-
tomy. (E) Summary data showing
the swelling ratios of a BioSUM1
during the stabilization period and
after acute gastrotomy. n = 3
biologically independent animals.
Repeated measures (RM) one-way
analysis of variance (ANOVA),
P = 0.0008, Holm-Sidak’s multiple
comparison test versus day 14
(0 min): 10 min, P = 0.0208; 20 min,
P = 0.0208; 30 min, P = 0.0198;
45 min, P = 0.0207; 60min, P = 0.0208;
90 min, P = 0.0092; and 120 min,
P = 0.0207. Inset ultrasound images
representing day 1, day 14, and
120 min were extracted from (C) and
(D). (F) Same as (E), but for a
BioSUM2 and enterotomy. RM one-way
ANOVA, P = 0.0009, Holm-Sidak’s
multiple comparison test versus
day 14 (0 min): 10 min, P = 0.0254;
20 min, P = 0.0254; 30 min, P =
0.0141; 45 min, P = 0.0254; 60 min,
P = 0.0254; 90 min, P = 0.0005;
and 120 min, P = 0.0254. Inset
ultrasound images representing
day 1, day 14, and 120 min were
extracted from fig. S43. (G) Same
as (E), but for a BioSUM3 and
pancreatic leakage. RM one-way
ANOVA, P = 0.0021, Holm-Sidak’s
multiple comparison test versus
day 14 (0 min): 10 min, P = 0.0231;
20 min, P = 0.0359; 30 min, P =
0.0359; 45 min, P = 0.0359; 60 min, P = 0.0348; 90 min, P = 0.0325; and 120 min, P = 0.0089. Dots represent individual animals. Line represents B-spline. Error
bars represent ±SD. *P < 0.05, **P < 0.01, ***P < 0.001. Inset ultrasound images representing day 1, day 14, and 120 min were extracted from fig. S44. BioSUMs
were fully swollen in PBS (pH 7.4) for 24 hours before implantation, in all cases.
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Fig. 5. Deep-tissue detection of gastrointestinal leaks in porcine models.
(A) Schematic illustration of the experimental procedures. [Created with
Biorender.com] (B) Ultrasound images of BioSUMs on the small intestine (left,
BioSUM2), stomach (middle, BioSUM1), and pancreas (right, BioSUM3) in a pig.
(C) Images showing the expansion of a BioSUM3 after pancreatic leakage. (D)
Longitudinal ultrasound images of a BioSUM1 after acute gastrotomy. (E) Summary data
showing the swelling ratio of a BioSUM1 with or without acute gastrotomy. n = 3
independent samples per group. Two-way ANOVA, Holm-Sidak’s multiple compar-
ison with gastrotomy T = 0 min: gastrotomy, 30 min, P = 0.0055; 45 min, P =
0.0024; 60 min, P = 0.0015; 90 min, P = 0.0019; and 120 min, P = 0.0024; sham,
30 min, P = 0.8568. (F) Same as (D), but for a BioSUM2 and enterotomy. (G) Same

as (E), but for a BioSUM2 and enterotomy. n = 3 independent samples per group.
Two-way ANOVA, Holm-Sidak’s multiple comparison with enterotomy T = 0 min:
enterotomy, 30 min, P = 0.0351; 45 min, P = 0.0120; 60 min, P = 0.0120; 90 min, P =
0.0028; and 120 min, P = 0.0049; sham, 30 min, P = 0.9970. (H) Same as (D), but for a
BioSUM3 and pancreatic leakage. Dots represent individual samples. Line represents
B-spline. Error bars represent ±SD. *P < 0.05, **P < 0.01. (I) Same as (E), but for a
BioSUM3 and pancreatic leakage. n = 3 independent samples per group. Two-way
ANOVA, Holm-Sidak’s multiple comparison with pancreatic leakage T = 0 min:
pancreatic leakage, 30 min, P = 0.0045; 45 min, P = 0.0045; 60 min, P = 0.0045;
90 min, P = 0.0026; and 120 min, P = 0.0045; sham, 30 min, P = 0.9988. BioSUMs
were fully swollen in PBS (pH 7.4) for 24 hours before all the implantation procedures.

RESEARCH | RESEARCH ARTICLE

Liu et al., Science 383, 1096–1103 (2024) 8 March 2024 7 of 8

D
ow

nloaded from
 https://w

w
w

.science.org at N
orthw

estern U
niversity on M

arch 10, 2024

http://BioRender.com


environment. Creating a 3-mm gastrotomy (in-
cision in the stomach) on day 14 led to leakage,
monitored immediately after closing the sur-
gical site by imaging for a subsequent 2 hours
(Fig. 4A and fig. S38). Visual inspection after-
ward confirmed the geometric changes (Fig. 4B).
The results suggested minimal fluctuations in
dimensions on postoperative days 1 through
14 (see supplementary text and fig. S39 for
discussion on mechanical deformations), con-
sistent with an absence of movement of the de-
vice and with a local pH stably maintained by
homeostatic regulation (Fig. 4C and fig. S40).
After the creation of a gastrotomy on postop-
erative day 14, the BioSUM1 expanded gradually
during the 2-hour period, as evidenced by the
increased distance between the Zn disks in
B-mode images (Fig. 4D). The swelling was evi-
dent 10 min after the gastrotomy (Fig. 4E and
fig. S41), even for themodest volume (<1 ml) of
gastric fluid released in these experiments (41).
In addition, the expanded dimensions of the de-
vice after swelling remained stable after 2 hours.
Further in vivo experiments confirmed this be-
havior for at least 6 hours after leakage ter-
minated (fig. S42). Specifically, 2 hours after
leakage ceased and the surgical site was closed,
the rats moved freely for 6 hours. Ultrasonic
evaluation after this period indicated that the
dimensions were unchanged. In clinical prac-
tice, this behavior may prevent false-negative
readouts that could otherwise arise as a result
of delayed examinations. Similar procedures
validated capabilities for ultrasound imaging of
changes in pH associated with small intestinal
and pancreatic leaks using the alternative hy-
drogel chemistries described previously (Fig. 4,
F and G, and figs. S43 to S47). Real-time, dy-
namic changes in the pH of the local environ-
ment associated with leaks in the rat model
obtained from benchtop studies of swelling
behaviors are illustrated in fig. S48.
Tests on porcine models confirmed operation

at scales comparable to the adult humanGI tract
(Fig. 5A). The results in Fig. 5B successfully dem-
onstrate ultrasonic detection of BioSUMs on GI
organs, imaged transabdominally throughmulti-
ple layers of tissue with heterogeneous acoustic
properties. Across this range of depths, the Zn
disk array appeared as a distinct feature distin-
guishable fromthebackground. InducingGI leak-
age adjacent to the devices enabled monitoring
of changes in a subsequent 2-hour period. Visual
inspection confirmed these dimensional changes
2 hours after the creation of a pancreatic leak
(Fig. 5C). The first ultrasonic scan, performed
30 min after creation of the GI leak, revealed
significant dimensional changes in all three
types of BioSUMs. The average swelling ratio
was >10% at 30min after the creation of the leak
(Fig. 5, D to I). Histological analysis showed no
remarkable inflammation, fibrosis, or necrosis
compared with a sham group (figs. S49 and
S50). Evaluations of blood chemistry indicated

results within normal ranges (fig. S51, A and B),
and element analysis showed no significant ac-
cumulation of Zn in the heart, liver, spleen, lung,
kidney, or blood, in comparison with the sham
group (fig. S51C). In vitro cytocompatibility of
BioSUMs revealed a negligible effect on cell
viability and no significant cell death in close
proximity to the devices (figs. S52 and S53).

Conclusions

We introduce bioresorbable shape-adaptive
structures that enable rapid, noninvasivemea-
surements of homeostasis in deep tissues by
conventional ultrasound imaging techniques.
The swelling of thin films of a responsive hy-
drogel matrix induced by homeostatic perturba-
tions leads to changes in separations between
sparse collections of bioresorbable metal ele-
ments functioning as indicators whose positions
can be determined accurately by ultrasound.
The large mismatch between the acoustic im-
pedance of these elements and the surround-
ing materials produces high contrast in
ultrasound images, thereby allowing for accu-
rate measurements of their separations, and
thus local physical or chemical characteris-
tics of the surrounding tissues in shallow or
deep locations. An envisioned clinical scenario
is in real-time detection of anastomotic leak-
age through changes in pH during a period of
recovery after a GI surgery, to allow for early
intervention. The devices survive for a relevant
timeframe and then naturally bioresorb, elim-
inating the need for secondary surgical extrac-
tion procedures. In vivo demonstrations of this
concept in small and large animals validate
materials designs tailored for use in gastric,
small intestinal, and pancreatic leakage.
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