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ABSTRACT
Flexible electronics for healthcare applications have been drawing significant attention and show great 
promise for monitoring blood circulation (e.g. postoperative monitoring of free flaps). However, 
existing methods for design and fabrication of interfaces with human skin still cannot meet the 
challenging clinical requirements of superior adhesion during monitoring, and avoiding wound 
damage during peel-off. Here, we propose a soft biosensor with universal responsive hydrogel 
interfaces for detecting blood circulation complications. Particularly, we develop thermoresponsive 
and printable hydrogel inks to rapidly achieve high-precision patterning and wide-range adhesion 

regulation of interface layers. In clinical cases, the hydrogel biosensor can establish robust hydrogel/flap 
skin coupling for high-fidelity signal acquisition during monitoring, and ensure benign detachment to 
prevent tissue injury after monitoring. We achieve precise arterial perfusion monitoring based on the 
perfusion index (PI) via an 810 nm light source. Additionally, we propose a new metric, the balance 
index (BI), to monitor venous congestion. By analyzing BI, PI and skin temperature, the biosensor 
enables accurate detection and differentiation of blood circulation complications. The printable 
thermoresponsive hydrogel can be adopted as a universal interface in flexible electronics for healthcare 
applications, and the biosensor represents a promising platform for blood circulation monitoring. 

Keywords: flexible electronics, soft bioelectronics, blood circulation complications, responsive 
hydrogel interface, direct printing 
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transfer were performed annually in the Depart- 
ment of Plastic Surgery alone [11 ]. For postop- 
erative free flaps, blood circulation complications 
such as venous congestion, arterial spasm and ar- 
terial occlusion always present a critical challenge 
to their viability [12 –15 ]. Therefore, timely detec- 
tion and accurate differentiation of complications 
are crucial, which enables prompt intervention 

and targeted clinical management, thereby im- 
proving the survival rate of free flaps [16 ]. How- 
ever, the most commonly adopted clinical assess- 
ments of skin conditions by nurses and surgeons, 
including the flap color, turgor, temperature 
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NTRODUCTION 

n healthcare applications, high-fidelity monitor-
ng of physiological signals plays a crucial role in
chieving early disease warning and precise di-
gnosis [1 –3 ]. However, conventional monitor-
ng systems exhibit high modulus, poor flexibility
nd low adhesion, rendering it difficult to achieve
ight coupling with soft tissues, which severely
ompromises signal fidelity [4 –9 ]. Taking free-
lap monitoring as an example, in clinical prac-
ice, free-flap transfer has become the common
reatment for soft tissue reconstruction [10 ]. In

he USA, approximately 28 000 cases of free-flap 
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nd capillary refill, are subjective and dependent
n the caregiver’s experience [17 ,18 ]. Other blood
irculation monitoring approaches proposed over
he past decades (e.g. acoustic Doppler sonog-
aphy, laser Doppler flowmetry, cuffless blood
ressure monitoring etc.) exhibit major disadvan-
ages, including the inability to differentiate be-
ween arterial and venous complications, inconve-
ient data interpretation and high costs ( Table S1)
17 ,19 –21 ]. More recently, several sensors based
n optoelectronic techniques including near-
nfrared spectroscopy (NIRS) and photoplethys-
ography (PPG) were developed. Neverthe-

ess, conventional NIRS/PPG monitoring systems
ainly consist of rigid modules, which severely

mpede conformal skin/device attachment and
otentially impose mechanical stress on the
ound site. 
To address these issues, developing flexible

ensing systems with skin-adhesive properties has
merged as a promising solution [22 ,23 ]. These
oft systems are fabricated using stretchable ma-
erials to enhance mechanical compliance, and
eamless integration with skin can be achieved by
ssembling hydrogel interface layers with supe-
ior adhesion, flexibility and biocompatibility [24 –
7 ]. Recent progress in laser-patterned conductive
olymer hydrogel biosensors has demonstrated
nhanced adhesion properties [28 –30 ]. Besides
his, incorporating responsive functional compo-
ents enables the phase transition and tunable per-
ormance of interface layers [31 ]. Notably, for the
linical application of postoperative flap monitor-
ng, due to the inherent fragility of the flap wound,
he interface with skin requires not only high but
lso tunable adhesion to simultaneously ensure:
i) robust coupling with free flap skin for stable
ignal recording during monitoring; and (ii) gen-
le detachment from skin to prevent wound tissue
amage after monitoring [32 ,33 ]. Although self-
dhesive hydrogel systems have been reported re-
ently, there are still several limitations including
ow initial adhesion or the inability to achieve ad-
esion regulation [34 ,35 ]. Additionally, conven-
ional mold-pouring methods face severe limita-
ions in fabricating hydrogel interfaces for on-skin
ystems, including poor manufacturing precision,
ime-consuming processes and difficulty in cus-
omizable patterning and mold separation [36 –
8 ]. Therefore, development of a universal hy-
rogel interface layer with tunable adhesion and
apid patterning capability to achieve robust de-
ice/skin integration and gentle disassembly of
lexible blood circulation monitoring systems re-
ains a critical challenge. 
Page 2 of 19
In this article, we develop a soft biosensor 
with printable responsive hydrogel interfaces for 
accurately detecting and differentiating blood 
circulation complications. The hydrogel material 
is designed to serve as the universal interface with 

human skin/tissues for biosensors in healthcare 
applications. To achieve high-precision pattern- 
ing and tunable adhesion of hydrogel interface 
layers, we develop a printable thermoresponsive 
N -isopropylacrylamide (NIPAM)/zwitterion- 
based/dopamine (DA)-functionalized hydrogel 
(NZDH). By incorporating cellulose nanofibers 
(CNFs) to modulate the rheological properties of 
hydrogel inks, we achieve high-precision direct 
printing of hydrogels, completing interface layer 
patterning of the biosensors within 30 s. Due 
to the decoration of zwitterionic and catechol 
groups, the NZDHs demonstrate superior initial 
adhesion (27.8 kPa). Based on the thermally trig- 
gered phase transition mechanism of polyNIPAM 

(PNIPAM) chains, the hydrogel exhibits wide- 
range adhesion regulation ( > 10.8-fold). Specifi- 
cally, the printed hydrogel biosensor rapidly estab- 
lishes intimate coupling with skin tissues during 
postoperative flap monitoring, enabling high- 
fidelity signal acquisition. After the monitoring 
concludes, heat-induced temperature elevation of 
NZDHs leads to rapid adhesion attenuation and 
benign delamination from flap skin without caus- 
ing secondary injury. In clinical cases, the hydrogel 
biosensor collects reflective infrared PPG signals 
and temperature signals simultaneously to mon- 
itor free flaps. The biosensor integrated with an 

810 nm light-emitting diode (LED) ensures that 
the perfusion index (PI) measured from PPG sig- 
nals correlates exclusively with arterial perfusion, 
remaining independent of blood oxygenation [39 –
42 ]. Meanwhile, based on the finding that venous 
congestion transforms the standard PPG wave- 
form into a reverse waveform, we propose a new 

metric, the balance index (BI), to quantitatively de- 
tect venous congestion. Animal tests validate the 
correlation between the BI and PI with different 
blood circulation states, including venous conges- 
tion, arterial spasm (i.e. partial arterial occlusion) 
and arterial occlusion. Compared with the clinical 
assessment and a commercial microcirculation 

monitoring system, the hydrogel biosensor can 

detect and differentiate blood circulation com- 
plications in a timely and accurate manner, with 

additional advantages of low risk of mechanical 
damage, low cost and wireless communication. 
More importantly, the rapidly printed ther- 
moresponsive hydrogel can serve as a universal 
interface for flexible electronics, effectively 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data


Natl Sci Rev, 2026, Vol. 13, nwag058

e  

d  

v

R
D
b
F  

t  

m  

i  

f  

a  

a  

s  

d  

t  

b  

t  

d  

u  

t  

p  

c  

v  

l  

a  

a  

c  

i  

f  

c  

i  

p  

p  

a  

n  

a  

v  

P  

f  

s  

v  

a  

t  

a
 

m  

h  

b  

p  

f  

h  

t  
nhancing signal fidelity while ensuring benign
evice detachment, possessing great potential for
arious healthcare monitoring applications. 

ESULTS AND DISCUSSION 

esign and overview of the hydrogel 
iosensor 
igure 1 a shows the schematic illustration of
he hydrogel biosensor attached to a free flap to
onitor blood circulation (inset). The biosensor

s constructed based on the assembly of an on-skin
lexible hybrid front end, a rigid control back end
nd a flexible flat cable (FFC), where the front end
chieves signal acquisition, the back end manages
ystem control, signal processing and wireless
ata transmission, and the FFC implements in-
erconnections (Fig. 1 b). All signals collected can
e wirelessly transmitted to a laptop via Blue-
ooth Low Energy (BLE) technology for real-time
isplay and medical analysis within a graphical
ser interface (GUI). The key component of
he biosensor is the on-skin front end, which is
repared through flexible hybrid fabrication pro-
esses ( Fig. S1). Figure 1 c illustrates the exploded
iew of the front end that highlights seven key
ayers. Polydimethylsiloxane (PDMS) is employed
s the substrate layer, the encapsulation layer
nd the separation layer. Electrically conductive
omposites (ECCs), which have high conductiv-
ty and stretchability, are utilized for preparing
lexible conductive layers and bonding electronic
omponents [43 ]. It is noted that the front end
ntegrates an LED emitting at 810 nm, a sensitive
hotodiode (PD), a temperature sensor and other
assive electronic components including resistors
nd capacitors to collect PPG and temperature sig-
als (Fig. 1 d). Particularly, we identified a type of
bnormal PPG signal from free flaps experiencing
enous congestion, and defined it as the reverse
PG signal to distinguish its morphological dif-
erence from the standard PPG signal. In clinical
cenarios, analysis of standard PPG signals, re-
erse PPG signals and temperature signals enables
ccurate identification of different blood circula-
ion complications, including venous congestion,
rterial spasm and artery occlusion (Fig. 1 e). 

To achieve tight coupling and benign detach-
ent with flap skin, we print a thermoresponsive
ydrogel interface layer (i.e. NZDH) onto the
iosensor. As shown in Fig. 1 f, we first pre-
are hydrogel prepolymer solutions by mixing
unctional monomers, then formulate printable
ydrogel inks by adjusting viscosity through con-
rolled additions of CNFs. These inks are loaded
Page 3 of 19
into nozzles and printed onto flexible substrates 
under the optimized pressure and speed. Mean- 
while, we synthesize the thermally responsive 
NZDH interface layer via UV-induced crosslink- 
ing. Figure 1 g depicts the hydrogel compositions, 
consisting of PNIPAM, zwitterionic chains [i.e. 
poly(3-dimethyl(methacryloyloxyethyl) ammo- 
nium propane sulfonate) (PDMAPS)], CNF, and 
polyglutamic acid grafted with DA (PGA–DA) 
through physical entanglement and chemical 
crosslinking. The thermally triggered adhesion 

regulation mechanism of NZDHs operates as 
follows: at room temperature (RT), the PNIPAM 

network maintains extended chain conformations 
through hydrogen bonds between hydrophilic 
amide groups and water molecules, dramatically 
enhancing the energy dissipation of hydrogels. 
Combined with synergistic effects among cate- 
chol groups, carboxyl and zwitterions, NZDHs 
achieve intimate integration with skin via Michael 
addition, Schiff base formation, electrostatic in- 
teractions and hydrogen bonding, enabling high- 
quality signal acquisition [Fig. 1 h(i)]. It is noted 
that the infrared heat lamps are commonly used 
to facilitate flap rehabilitation in clinical wards. 
Therefore, after the monitoring is completed, 
the temperature of hydrogel interfaces is conve- 
niently increased via a lamp. The hydrogen bonds 
between PNIPAM chains and water molecules 
are disrupted, triggering the transition of hy- 
drated PNIPAM chains into hydrophobic cluster 
aggregates. This transition increases network en- 
tanglement and crosslinking density, substantially 
reducing the adhesion and energy dissipation 

capacity of hydrogels, thereby facilitating gentle 
detachment of hydrogel/skin interfaces without 
causing secondary tissue damage [Fig. 1 h(ii)]. 
Figure 1 i presents a functional diagram of the 
electronic system. Figure 1 j and Fig. S2 show the 
photographs of the biosensor. It is highlighted 
that the hydrogel biosensor demonstrates supe- 
rior flexibility, which is capable of withstanding 
both bending and twisting deformations (Fig. 1 k). 

Direct-printing patterning of hydrogel 
interface materials 
Flexible electronic systems typically require cus- 
tomizable patterning of interface layers. Specif- 
ically, certain areas of integrated electronics or 
functional sensors require direct contact with skin 

for accurate data collection, while other areas need 
to be covered by adhesive interface materials to 
maintain contact with skin. Currently, the widely 
adopted mold-pouring methods for hydrogel 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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Figure 1. Design and architecture of the hydrogel biosensor. (a) Schematic diagram of the biosensor applied to the flap recipient site to monitor 
blood circulation. (b) Schematic overall structure of the biosensor. FFC, flexible flat cable; GUI, graphical user interface. (c) An exploded 3D 

model of the layer assembly of the front end. (d) Illustration of the front end of the biosensor attached to the free flap conformally to detect 
the standard PPG signal, reverse PPG signal and temperature signal. Temp., temperature. (e) Schematic of blood circulation complications of 
postoperative free flaps, including venous congestion, arterial spasm and arterial occlusion. (f) Schematic of the direct printing process for 
hydrogel inks. (g) Compositions of the crosslinked hydrogel networks initiated via UV light. (h) Adhesion regulation mechanisms of hydrogel 
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Figure 1. ( Continued ) interfaces, enabling intimate integration with free flaps (i) and gentle disassembly triggered by an infrared heat lamp 
(ii). (i) Block diagram of the electronic system of the biosensor. MCU, microcontroller unit; Mem, memory; GPIO, general-purpose input/output 
port; UART, universal asynchronous receiver/transmitter; ADC, analog-to-digital converter; I2C, inter-integrated circuit; interf., interface; Trans 
Z Amp, trans-impedance amplifier; Res., resistors; TEMP., temperature sensor; Li-Po, lithium polymer. (j) Photographs of the front end of the 
biosensor. The inset shows the back side of the front end. (k) Photographs of the hydrogel biosensor during bending (i) and twisting (ii). Scale 
bars, 5 mm (j and k). 
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nterfaces have limitations, including the incapa-
ility of achieving customized patterning, poor
anufacturing precision and time-consuming
rocesses [36 –38 ]. To develop a universal hy-
rogel interface fabrication approach for flexible
lectronics, we propose a direct-printing strategy
f the hydrogel materials for high-precision and
apid patterning by synthesizing printable inks
 Fig. S3). Firstly, we adjusted the viscosity of
ydrogel precursor solutions by modifying the
NF chains and conducted rheological property
ests on pre-crosslinked NZDH solutions with
ifferent weight ratios of CNF/NIPAM. As shown
n Fig. 2 a, b and Fig. S4, as the weight ratio of
NF/NIPAM increases, the storage modulus (G′ ),

oss modulus (G′ ′ ), and viscosity of hydrogel inks
lso show a continuous increase trend. Compared
ith the NZDH precursor solutions without
NF/NIPAM (0.06 Pa, 0.02 Pa, and 0.003 Pa·s),
he hydrogel solution with CNF/NIPAM at a
eight ratio of 25% exhibits dramatically higher

nitial storage modulus (G′ , 1684 Pa), loss modulus
G′ ′ , 228.6 Pa) and viscosity (264.1 Pa·s). This is at-
ributed to the formation of dense hydrogen bonds
etween the CNF chains and pre-crosslinked
ydrogels, resulting in more compact physical en-
anglement. In the three-interval thixotropy test
3ITT), hydrogel precursor networks modified
ith CNFs demonstrate excellent shape-retention
apabilities, which is beneficial for constructing
table skin/hydrogel interfaces ( Fig. S4c). As
hown in Fig. 2 c, the tilting experiments also
how that the hydrogel inks gradually become
ore viscous with the increasing weight ratio of
NF/NIPAM. 
To quantitatively evaluate the influence of dif-

erent parameters (such as ink viscosity, pressure
nd platform speed) on the printing performance
f hydrogel inks, we recorded the corresponding
rinting trajectories of inks with different weight
atios of CNF/NIPAM. As shown in Fig. 2 d,
igs S5 and S6, and Movie S1, as the weight ratio
f CNF/NIPAM in the hydrogel inks increases
rom 5% to 25% with a platform speed of 10, 20,
0 and 40 mm/s, the linewidth of the ink print-
ng trajectory shows a continuously decreasing
rend. Notably, at a lower CNF/NIPAM weight
atio ( < 10%), the ink presents excessive fluidity,
eading to diffusion during deposition. Moreover,
Page 5 of 19
the inks with a weight ratio of 15%–20% are 
printable, while a higher weight ratio ( > 25%) 
is prone to cause nozzle clogging due to the 
increased viscosity of inks. We further captured 
the printing trajectories of hydrogel inks with 

different extrusion pressures and platform speeds 
(Fig. 2 e and f , Fig. S7). It is noted that when the
pressure is 150 kPa with a platform speed from 

10 to 40 mm/s, the linewidth of inks decreases 
from 0.94 to 0.72 mm. Considering both the 
printing accuracy and efficiency of hydrogel inks, 
we determined the optimal printing parameters: 
a CNF/NIPAM weight ratio of 20%, platform 

speed of 40 mm/s and printing pressure of 
300 kPa. 

We also demonstrate the patterned printing of 
hydrogel interface layers for the fabrication of the 
hydrogel biosensor (Fig. 2 g). The hydrogel inks 
are directly printed on PDMS substrate, which can 

be finished within 30 s with a linewidth precision 

below 720 µm ( Movie S2). Specifically, regions 
designated for the LED, PD and temperature 
sensor in the soft device are not printed with hy-
drogel inks, thereby preserving precise locations 
for direct contact with skin for high-fidelity signal 
acquisition. Meanwhile, the remaining areas of the 
biosensor are patterned with hydrogel interface 
layers for tunable adhesion. Notably, the hydrogel 
inks can sustain 3D structural integrity without 
requiring supporting structures/molds during 
the printing process. The thermoresponsive 
hydrogel networks can be obtained afterwards 
by direct photo-polymerization via UV irradi- 
ation. By adopting the direct-printing strategy 
proposed in this work, the issues presented by 
the conventional mold-pouring of hydrogels can 

be effectively overcome. To validate the printing 
universality of hydrogel inks, we also print 2D 

patterns and devices (such as rings, hexagrams, hy- 
drogel electrodes and hydrogel capacitive sensors) 
and 3D models (such as grids) (Fig. 2 h, Fig. S8,
Movie S3). We further conducted a compara- 
tive analysis between hydrogel layers fabricated 
via direct-printing methods in this work and 
existing hydrogel interfaces for bioelectronics 
( Table S2). It is noteworthy that the hydrogel 
interface materials in this work exhibit outstand- 
ing performance including direct printability and 
rapidly high-resolution patterning, dramatically 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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Figure 2. Synthesis and characterizations of the directly printable hydrogel inks. (a) Storage modulus (G′ ) changes over time of hydrogel inks 
with different weight ratios of CNF/NIPAM. (b) Viscosity–shear rate curves of corresponding hydrogel inks. (c) Photographs of hydrogel inks 
with CNF/NIPAM at weight ratios of 0%, 5%, 10%, 15%, 20% and 25%. White dashed lines highlight the rheological differences among the 
inks. (d) The influence of platform speed on the printed linewidth of different hydrogel inks. (e and f) Printed linewidth of hydrogel inks versus 
platform speeds under different pressures (e) and corresponding microscope images (f). (g) Printing process of hydrogel inks to fabricate the 
interface layer of biosensors. (h) Printed 2D and 3D structures via hydrogel inks. Data in (d) and (e) are presented as mean ± SD; n = 3. Scale 
bars, 10 mm (c, g, h), 20 mm (f(i)) and 500 μm (f(ii–vi)). 
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mproving manufacturing accuracy and efficiency
or hydrogel electronic systems. 

haracterizations of responsive hydrogel 
ayers with tunable adhesion 

o fabricate the thermoresponsive hydrogel inter-
ace layer (i.e. NZDH), we first improved the ini-
ial adhesion of hydrogels by modifying networks
ith adhesive functional components such as
GA–DA and zwitterionic chains (i.e. PDMAPS).
o verify the successful grafting of catechol groups
Page 6 of 19
onto the PGA chains, we characterized the syn- 
thesized PGA–DA using ultraviolet–visible spec- 
troscopy (UV–vis) and proton nuclear magnetic 
resonance (1 H NMR) (Fig. 3 a, Note S1). As shown 

in Fig. 3 b and Fig. S9, compared with the original 
PGA, PGA–DA exhibits new characteristic peaks 
at 280 nm (UV–vis) and 6.74 ppm (1 H NMR), cor- 
responding to the benzene group, which verifies 
the successful modification of DA. To confirm the 
presence of adhesive functional components in the 
hydrogel interface layer, we conducted Fourier- 
transform infrared spectroscopy with attenuated 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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Figure 3. Thermoresponsive and biocompatible properties of hydrogel interface layers. (a) Schematic illustration of the synthesis of PGA–DA. 
(b) UV–vis spectra of PGA, PGA–DA and DA. (c) FTIR-ATR spectra of different thermoresponsive hydrogels. (d) Photographs of printed hydro- 
gels under RT/heating conditions (left) and corresponding SEM images showing hydrogel network structural changes (right). (e) Comparisons 
of temperature–heat flow curves of NDHs and NZDHs. Endo down: the downward peak represents an endothermic peak. (f) Adhesion strength 
of NZDHs when affixed to the pigskin at various temperatures. (g) Demonstration of robust coupling (RT) and facile detachment (45°C) be- 
tween hydrogel layers and skin. (h) Adhesion curves of thermoresponsive hydrogels with different compositions at 45°C and RT, respectively. 
(i) Switchable adhesion of NZDHs on the pigskin during RT–45°C cycles. (j) Fluorescence micrographs of HaCaT cells cultured with the NZDH 

and control groups, stained with Calcein-AM (viable cells, green) and propidium iodide (dead cells, red). (k) Relative cell viability of HaCaTs 
Page 7 of 19
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Figure 3. ( Continued ) cultured in NZDH-incubated high-glucose Dulbecco’s modified Eagle medium (HG-DMEM) calculated via CCK-8 assay. 
(l) Hematoxylin and eosin (H&E)-stained histological sections of skin samples (left) with magnified views (right). P values are determined 
by two-sided Student’s t -test between two groups and ANOVA with Tukey’s post hoc test between multiple groups, respectively; * P < 0.05, 
** P < 0.01 and *** P < 0.001; ns, not significant. Data in (f), (i) and (k) are presented as mean ± SD; n = 3. Scale bars, 10 mm (d(left) and g), 
20 μm (d(right)), 100 μm (j, l(left)) and 25 μm (l(right)). 
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otal reflection (FTIR-ATR) analysis on different
ydrogels, including NIPAM-based hydrogel
ithout CNF [NH (w/o CNF)], NIPAM/PGA–
A hydrogel without CNF [NDH (w/o CNF)],
IPAM/zwitterion-based/PGA–DA hydrogel
ithout CNF [NZDH (w/o CNF)] and NZDH. As

hown in Fig. 3 c and Fig. S10, the characteristic
eaks of phenolic hydroxyl groups in the benzene
ing and β-glycosidic bonds in CNF appear on
he NZDH interface layer, validating the presence
f catechol groups and CNF (details discussed in
ote S2). Additionally, a new peak emerges at
67.88 eV in NZDHs, which is attributed to the
2p (SO3 ) of PDMAPS, further validating the
uccessful assembly of zwitterionic chains into
ydrogel networks ( Figs S11 and S12). 
To elucidate its temperature-triggered ad-

esion regulation mechanism, we first directly
rinted a 2 × 2 NZDH hydrogel precursor in-
erface layer array on the substrate and applied
he UV treatment to initiate the crosslinking
f hydrogels ( Fig. S13, Movie S4). We further
ompared the optical images and cross-sectional
canning electron microscopy (SEM) images
f hydrogel networks under RT and heating
onditions. As shown in Fig. 3 d, NZDHs are
ransparent at RT, which is attributed to the
xtended hydrophilic conformation of PNIPAM
hains with a uniform refractive index. Moreover,
he adhesive functional groups can form abun-
ant adhesive bonds with the skin (e.g. hydrogen
onds, electrostatic coupling, Michael addition
nd Schiff base reaction). When heated above
he phase-transition temperature, the hydro-
en bonds between PNIPAM chains and water
olecules undergo rupture, leading to the de-
ydration of PNIPAM chains and the formation
f hydrophobic clusters. The pore size in the
ydrogel networks decreases sharply, causing the
xpulsion of water molecules and denser chain en-
anglements. Therefore, the adhesive bonds (e.g.
ydrogen bonds, electrostatic bonds) formed with
he skin are disrupted, resulting in a substantial
rop in interface adhesive strength. Meanwhile,
he hydrogel interface layer exhibits anisotropic
ight scattering and appears milky white. Given
hat the surface temperature of human skin typ-
cally ranges from 30 to 34°C, the interface layer
equires an appropriate lower critical solution
emperature (LCST) to achieve thermally trig-
Page 8 of 19
gered adhesion regulation [44 ]. Therefore, we ad- 
justed the LCST of hydrogels by incorporating the 
hydrophilic dimethyl(methacryloyloxyethyl) am- 
monium propane sulfonate (DMAPS) monomers 
in hydrogels [45 ]. As shown in Fig. 3 e, compared
with that of NDHs (33.1°C), the endothermic 
peak temperature in heat-flow curves of hy- 
drogels decorated with zwitterionic chains (i.e. 
NZDHs) shifts to higher values, resulting in an 

increased phase transition temperature of 35.8°C. 
To quantitatively evaluate the thermally triggered 
tunable adhesion of NZDHs, the hydrogel inter- 
face layer was heated to different temperatures 
(e.g. 25°C, 30°C, 35°C, 40°C and 50°C) and adhered 
to the pigskin substrate for tensile-strength tests. 
As shown in Fig. 3 f and Fig. S14a, the NZDH 

exhibits excellent adhesion of 27.8 kPa at 25°C. 
After the temperature is raised to 35°C, the ad- 
hesive strength of hydrogels decreases slightly, 
which is still tightly integrated with the substrate. 
It is noted that when the temperature is further 
increased to 40 and 45°C, the adhesion dramati- 
cally decreases to 5.30 and 3.94 kPa, respectively, 
which confirms the superior adhesion-regulation 

performance of NZDHs. 
We further attached the transparent NZDH 

to skin at RT, realizing a robust-coupling hy- 
drogel/skin interface. When the interface layer is 
heated to 45°C, the hydrogel turns milky white 
and can be easily peeled off the skin (Fig. 3 g,
Movie S5). We also compare the adhesion of 
NH, NIPAM/zwitterion-based hydrogel (NZH) 
and NZDH at RT and 45°C (Fig. 3 h and Fig.
S14b). The results show that due to the modifi- 
cation of DMAPS and DA groups, the initial ad- 
hesion of NZDHs is drastically improved. Due to 
the incorporation of thermoresponsive PNIPAM 

chains, all three types of hydrogels present tun- 
able adhesion with NZDHs, demonstrating the 
widest regulation range ( > 7-fold). To evaluate 
the stability of adhesion regulation of hydrogels, 
we conducted cyclic adhesion tests. As shown 

in Fig. 3 i and Fig. S15, during the temperature 
switching between RT and 45°C, the adhesive 
strength of NZDH interface layers dramatically 
changes. It is highlighted that the regulation range 
reaches ∼10.8 times in the fifth cycle, confirming 
the adhesion-regulation repeatability of hydrogel 
interface layers. Moreover, compared with the 3M 

tape (16.29 kPa), the NZDH also exhibits higher 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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nitial adhesive strength (27.8 kPa) ( Fig. S16). The
echanical properties of printed NZDH interface

ayers were also characterized ( Fig. S17a, Note S3,
ovie S4). The results show that the ultimate

ensile strain, fracture stress and elastic modu-
us of hydrogels are 54%, 7.3 kPa and 17.3 kPa,
espectively ( Fig. S17b–d). These findings prove
he excellent flexibility of NZDH, which facilitates
he conformal integration with skin under large-
eformation conditions. 
Notably, during the monitoring of postopera-

ive flap blood-circulation complications, the hy-
rogel interface layer needs to be directly attached
o flap skin. Therefore, ensuring the biocompat-
bility of NZDHs is critical. According to ISO
0993-5 (Third edition, 2009-06-01), cytotoxicity
ests were performed using human immortalized
eratinocytes (HaCaTs) and fibroblasts to evalu-
te the biocompatibility of hydrogels [46 ,47 ]. As
hown in Fig. 3 j and Fig. S18a, the results show
hat both HaCaTs and fibroblasts in the hydrogel
nd control group exhibit normal proliferation,
ith no obvious signs of apoptosis or necrosis. Af-

er 96 h, the relative cell viability and prolifera-
ion in the hydrogel group are > 99% and > 2.2,
espectively, comparable to those in the control
roup (Fig. 3 k, Figs S18b, c and S19). The hydrogel
amples were further sutured onto the depilated
kin of Sprague Dawley rats to evaluate the in vivo
iocompatibility of NZDHs (Fig. 3 l, Fig. S20). No
nfiltration of inflammatory cells is observed in
ither group, with the inflammation level being
aintained below 1 through blinded pathological
istological evaluation ( Fig. S20b). We also con-
ucted cytokine level assays to quantify the inflam-
atory effect of hydrogel layers. Specifically, af-

er applying the hydrogel patch to the depilated
orsal skin surface for 72 h, full-thickness skin tis-
ue samples were harvested from the wound site.
he concentrations of IL-1 β and IL-6, which were
egarded as typical pro-inflammatory cytokines,
ere then measured in the supernatant of tissue
omogenates. The results show that the levels of
L-1 β and IL-6 in the hydrogel group are com-
arable to those in the control group, suggesting
o pro-inflammatory effect ( Fig. S20c and d). This
urther confirms the excellent biocompatibility of
ydrogel interface layers. 

orking principle and performances of 
he hydrogel biosensor 
or collecting PPG signals, an LED and a PD
re used for light-emitting and receiving reflec-
ive light signals, respectively ( Fig. S21). The peak
avelength of the LED lies near the wavelength
Page 9 of 19
of peak sensitivity of the PD, enabling the PD to
sensitively detect minor variations of the light sig- 
nal (Fig. 4 a). Considering the depth of light path
from the LED to the PD, and the size limitation
of the on-skin front end, the distance between the 
LED and the PD (L–P distance) is designed to be
5 mm (Fig. 4 a, inset). With the primary considera- 
tion of power consumption, the duty cycle was set 
to 10% ( Fig. S22a). To ensure sufficient signal in- 
tensity while minimizing the effect of heating on 

skin, the forward current of the LED was set at
21 mA (Fig. 4 b, Fig. S22b and c). 

Figure 4 c(i) schematically illustrates the forma- 
tion of pulse waveform in human arterial vessels. 
The pulse waveform comes into being under the 
combined influence of the forward wave and the 
reflected wave. The forward wave is generated by 
the pressure wave that arises when the heart ejects 
blood to the periphery, whereas the reflected wave 
is caused by the reflection from peripheral arteri- 
oles [48 –50 ]. Figure 4 c(ii) depicts a standard re-
flective PPG waveform, where three main mor- 
phological characteristics, systolic peak, dicrotic 
notch and diastolic peak, can be clearly identified 
[8 ,49 ]. Particularly, it is believed that the systolic
peak and the diastolic peak are formed by the for-
ward wave and the reflected wave, respectively. 
Successful recording of standard PPG waveforms, 
and comparison of the pulse rate (PR) measured 
by the biosensor and a reference commercial pulse 
oximeter under breathing and breath-holding 
conditions verified the biosensor’s capability for 
PPG signal acquisition ( Fig. S23). Furthermore, 
the biosensor exhibited stable measurement per- 
formances even under repeated bending condi- 
tions ( Fig. S24), and the practical utility of the 
biosensor was demonstrated through measure- 
ments taken from various sites of a healthy adult, 
as presented in Fig. S25 and Movies S6 and S7. 

PI, which is highly correlated with arterial per- 
fusion, can be calculated as the ratio between 

the alternating current and direct current com- 
ponents of PPG signals ( Fig. S26), representing 
the ratio between pulsatile arterial blood and non- 
pulsatile blood in the peripheral tissue [51 ]. How- 
ever, due to the differential absorption of oxy- 
hemoglobin (HbO2 ) and deoxyhemoglobin (Hb) 
for the same light source, PI varies in response to
corresponding changes in blood oxygen content, 
even when the arterial perfusion remains con- 
stant [39 ]. It is highlighted that the wavelength 

of 810 nm serves as an isosbestic point for HbO2 
and Hb, where the absorption coefficients of these 
two hemoglobins are equal [39 –42 ], thus the PI
measured remains unaffected by blood oxygena- 
tion variations, only relying on the perfusion state 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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Figure 4. Performance characterizations of the hydrogel biosensor. (a) Relative emission spectra of the LED and spectral sensitivity of the 
PD. The inset illustrates schematically that the L–P distance is 5 mm. (b) Temperature variations of the pigskin measured by an external 
temperature sensor, and the normalized intensity of the PD signal, during the 5-min operation of the biosensor under a range of forward 
currents (mean ± SD; n > 30 per group). The inset shows the relative positions of the external temperature sensor and the biosensor on the 
pigskin schematically. TEMP., temperature sensor; PD signal, the reflective light signal received by PD. (c) The process of pulse wave formation 
(i) and a standard PPG waveform (ii). (d) Results of PI calculated from different light sources under a range of oxygen saturation (mean ± SD; 
n = 3 per group). The inset shows the sensor being placed on the left wrist to collect PPG signals from the radial artery schematically. Meas. 
site, measurement site. (e) Measurement setup for inducing venous congestion by a pressure cuff (i), and morphological changes in PPG 

waveforms before and after venous congestion (ii). (f) BI measurements of three healthy subjects under different blood circulation conditions 
(mean ± SD; n > 30 per group). Sub., subject. (g) Temperature rises of the pigskin measured by the temperature sensor integrated in the front 
end during the 10-min operation of the biosensor. The inset shows the relative positions of the LED and the temperature sensor schematically. 
(h) Changes in skin temperature of a healthy subject under different tests (mean ± SD; n = 3 per group). 
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Fig. 4 d). We also constructed a venous conges-
ion model induced by cuff pressure on the healthy
dult subject to illustrate the effect of venous con-
estion on PPG waveforms, as shown in Fig. 4 e(i).
nder normal blood circulation conditions, PPG
ignals exhibited a standard waveform, with the
mplitude of the systolic peak (ACs ) being greater
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than that of the diastolic peak (ACd ). However, 
when venous congestion induced by the cuff pres- 
sure occurred, PPG signals presented an abnor- 
mal waveform (i.e. reverse waveform as we de- 
fined), where ACs was lower than ACd , as shown 

in Fig. 4 e(ii). Based on this finding, we proposed 
a new indicator, the balance index (BI), which is 
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efined as 

BI = ACs 

ACd 
, 

o quantitatively characterize the change of PPG
aveforms induced by venous congestion, with
I < 1 indicating the occurrence of venous con-
estion. This phenomenon may be attributed to
he enhanced reflection of peripheral arterioles on
lood when venous congestion occurs, leading to
 higher reflected wave than the incident wave. A
eries of venous congestion–revascularization ex-
eriments carried out on three healthy adult sub-
ects further demonstrated the efficacy of the BI
n detecting venous congestion (Fig. 4 f, Fig. S27).
he temperature sensor is designed to be placed
 mm away from the LED to reduce the influence
f heating on the actual skin temperature mea-
urement (Fig. 4 g). The influence of blood circu-
ation disorders including venous congestion and
otal occlusion of both veins and arteries on the
ecrease of skin temperature is demonstrated in
ig. 4 h and Fig. S28. 

ests on animal models 
e further investigate the correlation between

he BI/PI with different blood circulation states,
ased on artificial flap models of Sprague Dawley
ats. Experimental processes consist of 10 stages,
s illustrated in Fig. 5 a, and corresponding mea-
urements of BI and PI are shown in Fig. 5 b. Var-
ous artificial blood circulation complications in-
luding partial venous congestion, total venous
ongestion, partial arterial occlusion and total ar-
erial occlusion were induced by applying a vas-
ular clip on the artery or vein. Owing to stable
dhesion of the hydrogel interface, the biosensor
an always be attached firmly to the rat skin sur-
ace, ensuring the acquisition of high-quality PPG
ignals at all stages. 

The measurements in Stage 1 depict the raw
evels of BI and PI before the operation, in which
I is 2.14, and PI is 4.38 ‰ (Fig. 5 b). When the
indlimb of the rat was transected, leaving only
he femoral artery and its accompanying vein to
imulate the vascular conditions of free flaps, BI
nd PI dropped to 1.8 and 2.98 ‰ , respectively,
nd were considered as baseline values for surgical
rocedures (Stage 2, Fig. 5 b). Changes in BI from
tage 3 to Stage 6 illustrate that venous conges-
ion, including partial venous congestion and to-
al venous congestion, leads to the decrease of BI
o below 1. Specifically, in the case of partial ve-
ous congestion, the BI gradually decreased below
, with values of 1.48, 0.98 and 0.88 at 1, 3 and
Page 11 of 19
5 min after the onset of congestion, respectively 
(Stage 3, Fig. 5 b). In contrast, for total venous con-
gestion, the BI rapidly decreased below 1, with val- 
ues of 0.7, 0.72 and 0.69 at 1, 3 and 5 min after the
onset of congestion, respectively (Stage 5, Fig. 5 b). 
When the clip was released for about 2 min for
blood circulation recovery, BI increased to base- 
line levels (Stage 4 and Stage 6, Fig. 5 b). The vari-
ations of BI from Stage 7 to Stage 10 illustrate that
partial arterial occlusion does not cause BI to de- 
crease below 1 (Stage 7, Fig. 5 b), whereas total ar-
terial occlusion leads to the disappearance of PPG 

signals such that the BI cannot be calculated (Stage 
9, Fig. 5 b, Fig. S29). The measurements from Stage
3 to Stage 8 reveal that both venous congestion 

and partial arterial occlusion give rise to the de- 
crease of PI, with partial arterial occlusion causing 
a more apparent decrease. It is noted that when ve- 
nous congestion occurs, BI is less than 1, whereas 
when partial arterial occlusion occurs, BI is greater 
than 1. As a result, BI > 1 with PI decreasing is
indicative of partial arterial occlusion. When to- 
tal arterial occlusion occurs, PI cannot be calcu- 
lated (Stage 9 and Stage 10, Fig. 5 b). By analyz-
ing BI, PI and skin temperature, we established the 
principles for detecting and differentiating differ- 
ent blood circulation complications of free flaps. 
Specifically, BI < 1 and low values of skin tem-
perature indicate venous congestion. BI > 1 and 
obvious decrease in both PI and skin temperature 
indicate arterial spasm (i.e. partial arterial occlu- 
sion). The disappearance of PPG waveforms to the 
extent that BI and PI cannot be calculated indicates 
arterial occlusion. 

Clinical studies for detecting and 

differentiating blood circulation 

complications 
Studies on the applicability of the biosensor for 
detecting and differentiating blood circulation 

complications in postoperative free flaps include 
comparisons with measurements from clinical 
assessment and a commercial microcirculation 

monitoring system O2C (LW 1111, LEA Medi- 
zintechnik). The O2C system monitors tissue 
oxygen saturation (St O2 ), blood flow velocity 
(Flow), and relative amount of hemoglobin (rHb) 
of free flaps ( Fig. S30). Previous clinical studies 
have demonstrated that a sudden decrease and/or 
low values of St O2 and Flow (St O2 < 15% and 
Flow < 20 a.u.) are highly predictive of arterial 
insufficiency, and a > 30% increase or high value 
of rHb above 90 a.u. indicates venous congestion 

[20 ,52 ]. In postoperative monitoring scenarios, 
both the biosensor and O2C probe were used to 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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of BI and PI during various stages of the procedure (mean ± SD; n > 30 per group). Scale bars, 10 mm (a(i–ii)) and 5 mm (a(iii–x)). 
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ollect blood circulation signals. Notably, they
ere attached to the flap throughout the moni-

oring period, with surgeons recording signals at
-h intervals for clinical assessments. Figure S31
utlines the procedures for data analysis based on
alues of BI, PI and skin temperature measured
rom the biosensor. Importantly, when the mean
alue of BI is less than 1, BI and temperature are
dopted to evaluate blood circulation complica-
ions. When the mean value of BI is otherwise
reater than or equal to 1, BI, PI and temperature
re used for evaluation ( Fig. S32). For clinical tests,
e first validated the thermally triggered tunable
dhesion properties of hydrogel biosensors on the
ealthy subject. As shown in Fig.6a and Movie S8,
he hydrogel biosensor achieves seamless inte-
ration with the subject’s hand. After irradiation
y a widely adopted infrared heat lamp in clinical
ards, the hydrogel interface layer undergoes

he thermally induced phase transition, enabling
ild removal from the skin without causing
iscomfort. Subsequently, we employed the
ame adhesion modulation strategy in all clinical
ases. 

In Case 1, a 55-year-old man sustained an open
racture in his right foot. The right latissimus
orsi (LD) free flap was transferred to the exposed
ite for tissue coverage ( Fig. S33a). Continuous
ostoperative blood circulation monitoring was
arried out (Fig. 6 b), and representative mea-
urements are presented in Fig. 6 c. In Stage 1,
he measurements by the biosensor revealed the
I to be above 1 and relatively smooth changes
n PI and temperature, indicating normal blood
irculation. Correspondingly, all O2C measure-
ents during this stage were within the normal

ange, and the surgeon also confirmed satisfactory
ascular conditions. However, at 18 h after the
peration, BI dropped sharply below 1, with the
kin temperature also dropping to a low level
 ∼34°C), leading to the prediction of venous
ongestion, which agreed with the indication
rom O2C due to decreased values of St O2 and
low, and a high rHb ( > 90 a.u.). This judgment
as confirmed by the surgeon at 19 h after the
peration, based on the short capillary refill time
 < 2 s) and the purple-appearing flap (Fig. 6 d).
lthough urgent salvage procedures, such as flap
arming, flap tension relief and adjustment of

he patient’s lying posture, were carried out from
9 to 21 h after the operation, the measurements
rom both the biosensor and O2C, and the dark
urple appearance of the free flap, all indicated
ggravated venous congestion ( Fig. S33b and c).
ubsequent surgical re-exploration revealed the
resence of thrombosis within the entire length of
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the vein from the anastomosis to the flap, which 

led to venous congestion. 
In Case 2, an anterolateral thigh (ALT) free flap 

was transferred to the left hand of a 41-year-old 
man to treat severe burn scars ( Fig. S34a–c). No- 
tably, in Stage 1, the biosensor identified mild ve- 
nous congestion based on a BI of slightly less than
1, whereas the O2C merely indicated a potential 
blood circulation complication without predicting 
the specific type of the complication ( Fig. S34d). 
As time progressed to Stage 2, the BI became much
less than 1 and the skin temperature was substan- 
tially lower than that in Stage 1; we predicted that
a more severe venous congestion than in Stage 1 
occurred ( Fig. S34d). Meanwhile, the rHb value 
increased above 90 a.u. in this stage, leading to 
the prediction of venous congestion. During the 
parallel monitoring by clinical methods, the sur- 
geon identified venous congestion at 32 h after the 
operation ( Fig. S34e), which was later than judg- 
ments made by the biosensor and O2C. At approx- 
imately 35 h after the flap transfer, re-exploration 

surgery was performed to address venous conges- 
tion. Subsequent measurements by our biosensor 
and O2C in Stage 3, together with the surgeon’s 
assessment, collectively confirmed revasculariza- 
tion after the flap salvage operation ( Fig. S34d–f). 
Blood circulation conditions in another three rep- 
resentative cases experiencing venous congestion 

(Cases 3 to 5) are presented in Figs S35–S37. The 
venous congestion in those cases was detected by 
the biosensor in a timely fashion, and was relieved 
eventually through effective salvage methods, in- 
stead of re-exploration surgery. 

In addition to venous congestion, the biosensor 
was also utilized to detect arterial complications. 
In Case 6, an ALT free flap was transferred to
repair the large-area skin defect near the left 
palm of a 35-year-old man (Fig. 6 e, Fig. S38). 
At about 12 h after the operation, the surgeon 

determined that there was no blood circulation 

complications, and all indicators measured by 
the biosensor and O2C were within the normal 
range (Fig. 6 f). However, from 13 to 18 h after
the operation, PI and skin temperature decreased 
continuously. Notably, during this stage, the BI 
remained above 1. Thus, we predicted that the 
flap suffered acute arterial spasm (i.e. partial 
arterial occlusion), which was also consistent with 

O2C prediction of arterial spasm because of the 
overall downward trend of St O2 , Flow and rHb 
(Fig. 6 f and g ). This symptom was effectively
relieved after using a heat lamp to improve the 
blood circulation for about half an hour, as ev- 
idenced by increased PI, skin temperature and 
measurements from O2C. Subsequent continuous 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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Figure 6. Monitoring venous and arterial complications by the hydrogel biosensor. (a) Demonstration of thermally triggered tunable adhesion 
properties of the hydrogel biosensor. (b–d) Venous congestion monitoring in Case 1. (b) Photographs of postoperative measurements on the 
transferred flap by both biosensor and O2C probe (inset shows details). (c) Measurement results by the biosensor and O2C (mean ± SD; 
n > 30 per group). (d) Photograph of the flap with purple skin color. (e–g) Arterial spasm monitoring in Case 6. (e) Schematic illustration of 
the soft tissue defect in the left palm of the hand. (f) Measurement results by the biosensor and O2C (mean ± SD; n > 30 per group). Temp., 
temperature. (g) Photograph of the flap with normal skin color. Scale bars, 10 mm (a, b, d, g). 

m  

f  

a  

r  
onitoring proved that the flap did not suffer
rom any blood circulation complications again
nd the flap finally survived. Figure S39 shows the
eceiver operating characteristic (ROC) curves for
Page 14 of 19
the detection of venous congestion and arterial 
spasm. The area under each ROC curve (AUC) 
is greater than 0.8, indicating the effectiveness of 
the biosensor. 
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Similarly, an ALT free flap was transferred to
over severe soft tissue defects in the right foot
f a 68-year-old woman (Case 7, Fig. S40a). The
rterial occlusion was noticed at 10 h after trans-
er because of a dark appearance and loss of pulse
hythm of PPG signals ( Fig. S40b–d). This arterial
omplication was further confirmed by the pro-
onged capillary refill time ( > 2 s) and continuous
ow levels of St O2 ( ∼10%) and Flow ( < 15 a.u.), as
hown in Fig. S40e. Subsequently, the second op-
ration was performed at about 15 h after trans-
er, and the flap was saved eventually, as shown in
ig. S40f and g. 
These results demonstrated that the biosensor

ould accurately detect and differentiate different
lood circulation complications of free flaps, in-
luding venous congestion, arterial spasm and ar-
erial occlusion. In addition, representative cases
ithout any postoperative blood circulation com-
lications were also monitored by the biosen-
or (Cases 8 to 11, Figs S41–S44, Movie S9), in
hich the BI was consistently greater than 1, and
I and temperature changed in a stable manner.
hese cases further demonstrated the practical
tility of the biosensor, as there were no false-
ositive results observed throughout the moni-
oring process. Both the aforementioned adhesion
ests and clinical case data confirm that this hydro-
el biosensor maintains superior interface adhe-
ion regulation properties while consistently ac-
uiring high-quality signals. 

ONCLUSION 

e have reported a soft biosensor with printable
esponsive hydrogel interfaces that can achieve ac-
urate detection and differentiation of blood cir-
ulation complications in postoperative free flaps.
mportantly, we developed a printable hydrogel
ith tunable adhesion to serve as the universal
iosensor interface with human skin. The hydro-
el interface layers can maintain superior adhe-
ion and high-fidelity signal acquisition during
n-skin measurements while exhibiting low ad-
esion after monitoring to avoid wound damage.
urthermore, to meet the complex requirements
f system integration, it is required to achieve
igh-efficiency customized patterning of hydro-
el interfaces. By modifying CNFs to regulate
he rheological properties of hydrogel inks, we
chieved direct printing with a linewidth preci-
ion below 720 µm and patterned hydrogel in-
erface layers of the biosensor within 30 s. Due
o the decoration of thermoresponsive monomers
nd adhesive functional groups, the NZDH ex-
ibited superior initial adhesion (27.8 kPa) and
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broad adhesion-regulation range (10.8-fold). Al- 
though the focus of this study is on the char-
acterizations of tunable adhesion on flap/human 

skin, the responsive hydrogel interfaces can also 
enable tunable adhesion on various wet tissues, 
such as porcine intestine, stomach, liver and heart. 
As shown in Figs S45 and S46, the NZDH can 

tightly couple with porcine tissues, demonstrat- 
ing excellent adhesion at RT (intestine: 9.5 kPa; 
stomach: 8.8 kPa; liver: 5.5 kPa; heart: 2.4 kPa) 
while showing dramatically attenuated adhesion 

at 45°C (intestine: 2.3 kPa; stomach: 1.1 kPa; liver: 
0.9 kPa; heart: 0.6 kPa), facilitating the benign 

disassembly. Therefore, the NZDH can be ex- 
tended as a universal adhesion-tunable bioelec- 
tronic interface for on-skin and implantable sys- 
tem integration. Meanwhile, the printable NZDH 

inks enable rapid high-precision patterning of 
customizable hydrogel interface layers, substan- 
tially enhancing the manufacturing efficiency of 
hydrogel electronic systems. We further per- 
formed a comparative analysis between NZDHs 
and existing hydrogel interfaces ( Table S2). It 
is emphasized that the NZDH demonstrated ex- 
ceptional performances, including strong ini- 
tial adhesion, wide-range tunable adhesion and 
ultra-low modulus, outperforming current hy- 
drogel interfaces, particularly directly printable 
properties. 

Notably, the 810 nm light source proposed is 
isosbestic for both HbO2 and Hb, presenting the 
unique merit of accurately calculating PI with- 
out the influence of blood oxygenation. Besides, 
we proposed BI as the indicator for detecting ve- 
nous congestion. Importantly, venous congestion 

can transform the standard PPG waveform into a 
reverse waveform, thereby reducing BI below 1. 
This phenomenon may be attributed to the en- 
hanced reflection of peripheral arterioles. Specif- 
ically, when there is no blood circulation disorder 
in peripheral tissues, blood flows from arterioles 
through capillary networks into veins, and subse- 
quently returns to the right atrium, completing the 
circulatory cycle. In this state, vascular resistance 
within the capillary and venous systems remains 
low, resulting in minimal blood reflection from 

the peripheral arterioles. However, when venous 
obstruction occurs, venous outflow is impeded, 
leading to blood accumulation within the venous 
system and the development of venous conges- 
tion. This markedly increases vascular resistance 
in the capillary and venous beds, thereby enhanc- 
ing the reflection of peripheral arterioles on blood. 
Under such conditions, the reflected wave be- 
comes higher than the incident wave, leading to 
the formation of reverse PPG waveforms [48 –50 ]. 
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ests on healthy subjects and animals proved the
easibility of these indicators in detecting vari-
us blood circulation conditions, and the follow-
ng criteria have been established and validated: (i)
I < 1 and low values of skin temperature indi-
ate venous congestion; (ii) BI > 1 and obvious
ecrease in both PI and skin temperature indicate
rterial spasm (i.e. partial arterial occlusion); and
iii) the loss of PPG waveforms indicates total ar-
erial occlusion. 

We have also validated the performances of
he biosensor in clinical cases. All representative
linical cases are summarized in Table S3, demon-
trating the capability of the biosensor to detect
nd differentiate venous and arterial complica-
ions using BI, PI and skin temperature. When
ompared with clinical assessment methods, the
iosensor possesses the advantages of objective
esults, accuracy and rapid response. In contrast to
he O2C system, the biosensor presents the merits
f tunable adhesion to avoid flap damage, low cost
 Tables S1 and S4), portability and wireless data
ransmission. Moreover, the biosensor enables
onitoring of multiple physiological indica-

ors using a minimal number of optoelectronic
omponents, while its front end features tun-
ble adhesion properties, demonstrating unique
dvantages over other existing on-skin PPG sen-
ors ( Table S5). Importantly, the biosensor has
reat potential for integration with other sensing
odalities to provide a more comprehensive
valuation of blood circulation states of free flaps.
or instance, it can be combined with a laser
oppler sensor to achieve synchronized monitor-

ng of PPG and blood flow signals. Moreover, the
iosensor can also integrate multiple LEDs and
Ds to acquire PPG and NIRS signals, enabling the
alculation and monitoring of oxygenation met-
ics (e.g. blood oxygen saturation and tissue oxy-
en saturation) and hemoglobin-related informa-
ion (e.g. changes in hemoglobin concentration).
n addition, given that the 810 nm light source has
 limited penetration depth into tissue ( ∼4.2 mm),
he biosensor is more suitable for monitoring thin
ree flaps [53 ,54 ]. Overall, the printed thermore-
ponsive hydrogel can be adopted as a universal
nterface in flexible electronics for healthcare
pplications, and this biosensor represents an
nnovative and effective method for detecting and
ifferentiating blood circulation complications. 

ETHODS 

ynthesis of PGA–DA 

irstly, a 2-( N -morpholino)ethanesulfonic acid
MES) buffer solution (0.1 M, pH 5.5) was pre-
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pared by dissolving 18 mmol MES and 9 mmol 
NaCl in 180 mL of deionized (DI) water, followed 
by pH adjustment using acetic acid. Subsequently, 
8 g of PGA was dispersed in the MES buffer under
continuous stirring, then 20 mmol EDC, 20 mmol 
N -hydroxysuccinimide (NHS) and 20 mmol ascor- 
bic acid were sequentially added, and the mixture 
was stirred for 2 h. Next, 20 mmol DA was dis-
solved in 20 mL of MES buffer, degassed under a 
nitrogen atmosphere, and added dropwise to the 
reaction mixture. The solution was stirred un- 
der nitrogen for 12 h to obtain the crude prod- 
uct. Purification was performed by dialysis against 
DI water using a cellulose membrane (MWCO: 
1000 Da, Viskase, USA), followed by lyophiliza- 
tion (SJIA-10N, Ningbo Shuangjia) to yield PGA–
DA. Finally, the synthesized PGA–DA was stored 
at −20°C for further use. 

Preparation of hydrogel inks and NZDH 

interface layers 
The hydrogel precursor solution was prepared 
by ultrasonically dissolving 18.6 wt% NIPAM 

in DI water. Subsequently, PGA–DA, DMAPS, 
PEGDMA and α-ketoglutaric acid were sequen- 
tially added to the mixture at mass ratios of 0.05, 
0.1, 0.0025 and 0.02 times of the NIPAM, re- 
spectively. Finally, the mixture was degassed and 
vigorously stirred to obtain a homogeneous pre- 
cursor solution. Meanwhile, the CNF suspension 

was prepared by dispersing CNF powders in 2 mL 

of deionized water. The hydrogel ink was then 

formulated by mixing the precursor solutions with 

CNF suspensions under mechanical stirring for 
30 min, followed by centrifugal degassing. To fab- 
ricate the printed hydrogel interface layer, the ink 
was loaded into a self-designed direct-ink-writing 
(DIW) platform. The predefined interface pattern 

was first designed for the printing software. Sub- 
sequently, optimal printing parameters were de- 
termined, including nozzle diameter, applied pres- 
sure and platform speed, enabling precise printing 
of hydrogel inks. After the initiation of UV 

light for 30 min, the patterned inks were photo- 
crosslinked to obtain the NZDH interface layer. 

Clinical studies 
The research protocol was approved by the ethics 
committee of Union Hospital, Tongji Medi- 
cal College, Huazhong University of Science 
and Technology under number IEC 2021-0014. 
Eleven representative patients were reported in 

clinical studies, and participated voluntarily with 

informed consent. Postoperatively, they were 
in temperature-stabilized wards, and were well 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag058#supplementary-data
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reated and attentively cared for to hold stable
lood pressure. Clinical assessment, our biosen-
or and O2C (LW 1111, LEA Medizintechnik)
ere used for blood circulation monitoring of

ree flaps. During the monitoring process, all
atients were kept in a supine position without
ny unnecessary motions. Clinical interven-
ions were implemented based on judgments
f surgeons with more than 10 years of clini-
al experience, independent of biosensor and
2C measurements. 

tatistical analysis 
he data were expressed as the mean ± SD of
t least three samples unless specified otherwise.
or statistical analysis, two groups and multiple
roups were compared by using the two-sided
tudent’s t -test and one-way analysis of variance
ANOVA) with Tukey’s post hoc test between mul-
iple groups, respectively, with P < 0.05 being
onsidered as statistically significant. 
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