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An anticoagulant supercapacitor for
implantable applications
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Qi Zhou & Fen Ran

With the rapid advancement of implantable electronic medical devices,
implantable supercapacitors have emerged as popular energy storage devices.
However, supercapacitors inevitably come into direct contact with blood
when implanted, potentially causing adverse clinical reactions such as coa-
gulation and thrombosis, impairing the performance of implanted energy
storage devices, and posing a serious threat to human health. Therefore, this
work aims to design an anticoagulant supercapacitor by heparin doped
poly(3, 4-ethylenedioxythiophene) (PEDOT) for possible applications in
implantable bioelectronics. Heparin (Hep), the as-known anticoagulant mac-
romolecule acts as the counterion for PEDOT doping to enhance its con-
ductivity, and the bioelectrode material PEDOT: Hep with anticoagulant
activity is synthesized via chemical oxidation polymerization. Concurrently,
the anticoagulant supercapacitor is constructed through in-situ polymeriza-
tion, where PEDOT: Hep and bacterial cellulose as electrode material and
electrolyte layer, respectively. Owing to the incorporation of heparin, the
supercapacitor exhibits high hemocompatibility with hemolysis rate <5 %,
good anticoagulant performance with coagulation time of 63.4 s, reasonable
cycle stability with capacitance retention rate of 76.24 % after 20, 000 cycles,
and supplies power for implanted heart rate sensors in femalemice. This work
provides a platform for implantable electronics to achieve anticoagulant
activity in vivo.

To meet the demands of personalized medicine, implantable bioe-
lectronics have garnered significant interest and attention1,2. Among
these, as a type of implantable energy storage device, implantable
supercapacitors offer the advantages of high-power density and long
cycle life. They can provide energy supply for bioelectronic devices
within the body, which is crucial to the field of biomedicine3–5. How-
ever, when an implanted device enters the human body, it inevitably
comes into direct contact with blood, triggering the activation of
multiple reaction mechanisms that impair the performance of the
implanted energy storage device and potentially lead to serious
adverse clinical events6. This includes thrombotic and thromboem-
bolic complications causedbyplatelet activation, coagulation cascade,

and inflammation7. Therefore, the implanted supercapacitors must
possess enough anticoagulant properties to prevent the occurrence of
thrombosis or other cardiovascular and cerebrovascular diseases after
implantation8.

Widely known, electrodes and electrolytes are important com-
ponents of supercapacitors. The selection of active substances in
electrode materials directly determines whether implantable super-
capacitors can function normally in vivo and exhibit remarkable
hemocompatibility9. Compared to other electrode materials like
carbon-based materials, metal oxides, and hydroxide materials, con-
ductive polymers are widely used in organic electronics, optoelec-
tronic devices, sensors, and energy storage devices10,11 due to their
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perfect electrical conductivity, light density, good flexibility, large
specific surface area, and ease of processing12. In particular, as an
electrode material for supercapacitors, they show great
biocompatibility13. Among these, poly(3, 4-ethylenedioxythiophene)
(PEDOT) is polymerized from a certain amount of ethylenediox-
ythiophene (EDOT) monomer. This thienyl derivative is easy to pre-
pare, low in cost, stable, and has high biocompatibility14–16, attracting
widespread attention in the fields of supercapacitor electrode
materials17,18.

Nevertheless, when used as an electrode material for implantable
supercapacitors, PEDOT often requires doping to guarantee its
conductivity19. During the chemical oxidation polymerization process of
EDOT, it is oxidized to a conductive statewithpositive charge carriers. At
this time, negatively charged counterions are doped in the molecules of
EDOT+ to balance these positive charges or holes and improve its
conductivity20. These counterions are called dopants and include low
molecular weight anions, polymer counterions, and
biomacromolecules21, especially various polysaccharides have been stu-
died as an important branch of biomacromolecules due to their excep-
tionalbiocompatibility22–26. Among them, thebiomacromoleculeheparin
(Hep) contains a large number of sulfonic acid groups with negatively
charged, which could serve as counterions to balance the oxidized
positive charge carriers of PEDOT and improve its electrical conductivity
during the polymerization process27. At the same time, compared to the
poor stability and weak anticoagulant performance of small molecule
dopants, the unique polysaccharide structure and abundant sulfonic
acid groups of heparins effectively bind to anticoagulant enzymes, fur-
ther reducing or inhibiting clotting enzyme activity and achieving an
anticoagulant effect28. As a result, the conductivity and hemocompat-
ibility of an electrode material can be improved simultaneously by
doping PEDOT with heparin as the counterion.

In this study, an anticoagulant supercapacitor has been designed
into an all-in-one, where the anticoagulant macromolecule heparin is
used as the counterion to dope PEDOT to prepare a bioelectrode
material PEDOT: Hep with anticoagulant activity via chemical oxida-
tion polymerization. The all-in-one anticoagulant supercapacitor is
prepared through in situ polymerization, where the PEDOT: Hep and
bacterial cellulose are used as the electrode and electrolyte layer. This
supercapacitor exhibits good biological activity, anticoagulation per-
formance, cycle stability, and electrochemical performance, and sup-
plies the necessary electrical energy for implanted heart rate sensors
due to introducing the anticoagulant macromolecule heparin. It

addresses the issues of poor electrochemical stability and the risk of
coagulation or thrombosis in implantable energy storage devices. At
the same time, the unique all-in-one structure provides a platform for
implantable electronic devices to extend and operate stably in vivo.

Results
Anticoagulant mechanism of anticoagulant supercapacitor
in vivo
With the rapid advancement of electronic technology, implantable
electronic devices have become generally prevalent in the prevention,
detection, diagnosis, and treatment of clinical diseases due to their high
flexibility, safety, stability, and miniaturization29. As such, implantable
electronic devices must not only meet extraordinary electrical perfor-
mance standards, but also satisfy biocompatibility requirements, espe-
cially hemocompatibility, to copewith thecomplex internal environment
of the human body6,30. Figure 1 illustrates that when traditional implan-
table bioelectronics enter the human body or direct contact with blood,
the lack of antithrombotic protection mechanism on their surface can
trigger a series of adverse clinical reactions, such as platelet activation,
protein adsorption, inflammatory response, and thrombus formation7.
These clinical reactions result in the accumulation of blood clots on the
implant surfaces, impairing or reducing the electrical performance of
electronic devices. Additionally, clots travel to the lungs or brain, causing
embolism and systemic complications. Currently, anticoagulants or
antiplatelet drugs are usually used to alleviate thrombosis when
implanted materials or devices are used clinically, but the use of these
drugs carries a risk of bleeding31.

To mitigate the risk of thrombosis and bleeding after implanting
energy storage devices, heparin as a natural macromolecule is chosen
to dope PEDOT and obtain the PEDOT: Hep as electrode material for
implantable supercapacitor. The sulfonic acid anions present in
heparin serve as counterions to balance the charge of EDOT+, thereby
promoting enhanced electrical conductivity and electrochemical per-
formance of the PEDOT-based electrode material. Simultaneously,
some sulfonic acid groups within the heparin molecular structure,
which remain uninvolved in the doping process, still possess strong
negative charges. Through the collaborative effect of unique poly-
saccharide structure and these remaining sulfonic acid groups of
heparins tightly bind to the lysine and arginine residues on the surface
of anticoagulant enzymes. This binding mode facilitates alterations in
the spatial configuration of anticoagulant enzymes. Consequently, this
interaction enhances the mutual activity of anticoagulant and
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Traditional Implantable Bioelectronics Anticoagulant Supercapacitor

Fig. 1 | Different clinical responses of blood components when in contact with
the traditional implantable bioelectronics and the anticoagulant implantable
supercapacitors. The green device on the left is traditional implanted bioelec-
tronics, the blue device on the right is anticoagulant supercapacitor, the orange

arrow shows the direction of blood flow, and the pink arrow indicates that the
anticoagulant supercapacitor inhibits platelet adhesion. The cartoon module is by
Figdraw (www.figdraw.com).
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coagulation enzymes, resulting in a more than 2000-fold increase in
the deactivation efficiency of coagulation enzymes7,8. Currently,
heparin is the preferred anticoagulant in clinical treatments for venous
thromboembolism, acute coronary syndrome, and arterial thrombotic
diseases such as coronary heart disease and cerebral thrombosis,
effectively reducing the risk of thrombus formation. Based on this, the
bioelectrodematerial is preparedbydopingPEDOTwith anticoagulant
macromolecule heparin as counterion, designing the all-in-one
implantable supercapacitor with high anticoagulant activity through
in situ polymerization in this work. This supercapacitor not onlymeets
the necessary electrochemical performance requirements of implan-
table supercapacitor, providing the necessary electrical energy for
heart rate sensors after implantation, but also effectively prevents the
activation of the blood coagulation pathway, and the occurrence of
adverse clinical reactions such as platelet adhesion, thrombosis, and
inflammation when implanted in the body or in direct contact with
blood. This work provides a reference for the clinical application of
implantable supercapacitors.

Synthesis mechanism, preparation, and characterization of
PEDOT: Hep
The bioelectrode material of PEDOT: Hep is prepared via chemical
oxidative polymerization of anticoagulant macromolecular heparin
(Hep) and conductive polymer monomer ethylenedioxythiophene
(EDOT) in the presence of ammoniumpersulfate (APS); and thosewith
thedifferent feed ratios and reaction timeare shown in Supplementary
Table S1. Subsequently, PEDOT: Hep and bacterial cellulose (BC) are
used as the electrode and electrolyte layer, respectively, and the all-in-

one anticoagulant supercapacitor is obtained through in situ stepwise
polymerization of EDOT on the surface of BC as flexible support
substrate32. The anticoagulant supercapacitor provides the necessary
electrical energy for the implantedheart rate sensor, and exhibits good
anticoagulant performance, fulfilling the actual clinical needs (Fig. 2a).

Figure 2b and Supplementary Fig. S1 illustrates the oxidative
polymerization of EDOT and the process of heparin-doped PEDOT.
Generally, the conduction mechanism of intrinsically conductive
polymers involves the delocalized migration of linear conjugated π
electrons formed by alternating single and double bonds on the main
chain, providing the possibility for electron movement within the
polymer33. However, the molecular orbital energy of the π bonds in
PEDOT molecules is low, hindering the free movement of π electrons
and affecting its conductivity19. To improve the conductivity of PEDOT,
electrons must migrate from its valence band or be added to the
conduction band to form soliton carriers, altering the distribution
state of holes and free electrons in PEDOT. This process of electron
migration is known as doping21,34,35. Among them, oxidation dopants
are introduced into PEDOT, and PEDOT acts as an electron acceptor to
absorb electrons from its π-bond orbital, which is called p-type
doping36. The doping process involves charge transfer or an oxidation
chemical reaction, resulting in the loss of electrons from the con-
jugated π bond, and doping increases the number of carriers in the
PEDOT system to significantly enhancing its electrical conductivity37.
In this work, (NH4)2S2O8 is employed in the chemical polymerization of
oxidation EDOT, and EDOTmonomer is oxidized by S2O8

2− ions into a
cationic radical, which initiates the ladder growth polymerization of
EDOT as shown in (i). In a classical stepwise polymerization, the
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Fig. 2 | Preparation process and photographs of anticoagulant supercapacitor.
a Preparation and application schematic diagrams of bioelectrodematerial PEDOT:
Hep and implantable anticoagulant supercapacitor (the pink arrow shows the
preparation, implantation, and application of the anticoagulant supercapacitor,
and the gray arrow indicates the anticoagulant supercapacitor inhibits platelet
adhesion), b Schematic description of the oxidative polymerization of EDOT into
PEDOT and heparin-doped PEDOT: (i) oxidation of EDOT to form cationic radicals,

(ii) dimerization of cationic radicals, (iii) deprotonation to form dimers, and (iv, v)
oxidation of the PEDOT and heparin-doped PEDOT, respectively (the orange arrow
shows the polymerization process of EDOT and the doping of heparin during the
in situ polymerizationof the supercapacitor), and c–f the thickness, placed onplant
leaves photographs, front, and side photographs of anticoagulant supercapacitor,
respectively, the scale bar is 1 cm. The cartoon mouse is by Figdraw (www.
figdraw.com).
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cationic radical undergoes dimerization, as shown in (ii), and is stabi-
lized through the removal of two protons, as shown in (iii). The
resulting PEDOT is ultimately dopedwith a large number of -SO3 anion
radicals contained in heparin as counterions to achieve the purpose of
charge balance, forming heparin-doped PEDOT for PEDOT: Hep as
shown in (iv) and (v)38,39. During this process, the abundant sulfonic
acid groups of heparins serve as counterions to balance the charge of
EDOT+, improving the conductivity of PEDOT through chemical oxi-
dative polymerization and doping27,40. Moreover, the unique poly-
saccharide structure and sulfonic acid group contained in heparin
effectively bind with antithrombin, enhancing the anticoagulant per-
formance of PEDOT. When the anticoagulant supercapacitor made of
PEDOT: Hep as a bioelectrode material is implanted in a mouse, its
coagulant surface effectively inhibits the occurrence of platelet acti-
vation, coagulation cascade, and inflammatory response, reducing the
risk of thrombosis and infection to deal with complex body fluid or
blood environments.

Traditional gel-based supercapacitors formed by stacking layers
under external force, these devices have macroscopic interfaces
between multiple interfaces of electrode-electrolyte-electrode, which
reduces the transport of charges and ions between the anion and the
anode, resulting in poor electrochemical performance and interlayer
slippage that severely impairs device performance. In this work, the
anticoagulant supercapacitor with an all-in-one structure is obtained by
directly constructing the electrode on both sides of the electrolyte layer
through in situ polymerization, and improved the efficient transmission
of ions or electrons to enhance the overall electrochemical perfor-
mance. Thedistinctive all-in-one structurehas high integrity to avoid the
phenomenon of slipping caused by the steric effect between interfaces.
At the same time, since the original BC membrane is pre-treated by a
drying method at a high temperature (100 °C), the intermolecular
hydrogen bonds are formed and connect individual fibers and strands
through the evaporation of water in the BC membrane. Therefore, due
to the irreversibility of evaporative drying, the water content and water
retention capacity of the BC membrane cannot be restored by
rehydration41. After being immersed in DI water for 7 days, the geo-
metric size, thickness, andweightof both theoriginal BCmembrane and
the all-in-one supercapacitor based on the BC membrane have nothing
changed, indicating that the geometry of the BC membrane or the
device have good structural stability (Supplementary Figs. S2, S3). The
supercapacitor has an overall device thickness of only 0.176mm, which
is rare in the field of gel-based supercapacitors. Devices prepared by the
same method exhibit similar thickness; these results also confirm the
repeatability of the preparation method (Fig. 2c and Supplementary
Fig. S4). In addition, the device is lightweight and canbe easily placedon
plant leaves (Fig. 2d), and has good mechanical flexibility and stability,
maintaining a fully all-in-one state even when bent due to its special
monolithic structure (Fig. 2e, f). Thiswork provides prerequisites for the
development of portable, wearable, and implantable electronics.

Anticoagulant macromolecular heparin acted as a counterion to
dope PEDOT to balance its charge and guarantee its conductivity. As
shown in Fig. 3a, due to the structure of heparin is rich in carboxyl
(-COOH) and sulfonic acid (-SO3), the FITR of PEDOT: Hep exhibits
characteristic absorption peaks of C-O-S, S=O, and C-O-C bonds at
1329, 1184, and 1046 cm−1, respectively. This provides preliminary
confirmation that the bioelectrode material of PEDOT: Hep has been
successfully prepared42. Heparin acts as the counterion of PEDOT and
its sulfonic acid group is negatively charged to balance the oxidized
EDOT+ through electrostatic interaction. As a result, the decomposi-
tion temperature of PEDOT: Hep increases from 354 to 365 °C after
introducing heparin to dope PEDOT, confirming the successful pre-
paration of PEDOT: Hep (Fig. 3b). From the XPS analysis of PEDOT and
PEDOT: Hep presented in Fig. 3c, it can be further observed that the
peak intensities of S, O, andN elements in the spectrumof PEDOT:Hep
are significantly stronger than that of PEDOT, indicating that heparin

rich in sulfonic acid groups has been successfully introduced into
PEDOT. The peaks of S 2p3/2 and S 2p1/2 are noticed at 163.9 and
165.1 eV in the S element spectrum of PEDOT (Fig. 3d), and the S ele-
ment high-resolution spectrum of PEDOT: Hep prepared by introdu-
cing heparin also exhibits distinct peaks of -SOx at 168.8 and 170.0 eV,
confirming the presence of sulfonic acid groups and the introduction
of heparin into the system. Similarly, due to the addition of heparin
rich in sulfonic acidgroups, the spectrumofO element high-resolution
spectrum shows that the peak intensity at 531.7 eV is significantly
enhanced compared to that of PEDOT (Fig. 3e), further confirming that
a large number of S=O bonds are provided by heparin in the PEDOT:
Hep system. More importantly, compared with the unobvious peak
intensity of the N element high-resolution spectrum of PEDOT, the
spectrum of PEDOT: Hep has obvious peaks of -NHx at 400.5 and
401.8 eV due to bring in heparin43. Therefore, the successful doping of
PEDOT with heparin is also confirmed (Fig. 3f).

Scanning electron microscopy (SEM) clearly shows that due to
heparin acting as the counterion to dope PEDOT during the chemical
oxidation polymerization, the exposed sulfonic acid groups with
negatively charged heparins can combine with the positive charge of
the oxidized EDOT (EDOT+) under electrostatic interaction. Compared
to the dense morphology of PEDOT (Fig. 3g, h), the morphology of
PEDOT: Hep becomes loose and porous with heparin attached to the
surface of PEDOT in the form of microspheres (Fig. 3i, j). Based on the
transmission electron microscopy (TEM) and dynamic light scattering
(DLS, Malvern ZS90, UK) presented in Supplementary Figs. S5, S6 and
Tables S2, S327,44–48, the PEDOT: Hep system exhibits a uniformly dis-
persed nanoscale particle morphology. Furthermore, the size of
PEDOT: Hep (260.43 ± 0.74 nm) is comparable to that of commercial
PEDOT: PSS (225 to 287.50 nm), indicating that the introduction of
heparin enhances the dispersion of the PEDOT system. Additionally,
compared to PEDOT (12.8mV) with positive potential, the zeta
potential of the PEDOT:Hep system is −21.3mV (Supplementary Fig. S7
and Table S3), within or near the zeta potential range of commercial
PEDOT: PSS (−19.0 to −55.6mV). The increased absolute value of the
zeta potential demonstrates that the dispersed PEDOT: Hep system is
more stable and exhibits stronger resistance to aggregation27. Fur-
thermore, it can be clearly seen that the PEDOT system exhibits pro-
nounced layering after static settling for 7 days, 30 days, and
centrifugation at 102.78 × g for 5min, respectively (Supplementary
Figs. S8, S9). This is due to the poor dispersion of the PEDOT system in
water and its tendency to aggregate. In contrast, the PEDOT: Hep
system maintains stable dispersion properties, with a distinct peak
observed at 800 nm in the ultraviolet absorption spectrum using a UV-
Vis spectrophotometer (UV-1600), the absorbance retention of
PEDOT: Hep dispersed system (>80.39%) is similar to the PEDOT: PSS
dispersed system and extensively higher than that of PEDOT27 (Sup-
plementary Fig. S10). Consequently, the PEDOT: Hep dispersed system
exhibits good dispersion and anti-aggregation characteristics during
practical usage, providing a favorable foundation for enhancing the
conductivity of PEDOT. In addition, compared to the water contact
angle of PEDOT is 91.73°, the hydrophilicity of bioelectrode material
PEDOT: Hep (the water contact angle is 48.75°) has significantly
improved after doping with heparin, which is rich in functional groups
(Supplementary Fig. S11). Based on this, N2 adsorption and desorption
experiments are carried out at 77 K by the BET method. According to
the adsorption data, compared with PEDOT without heparin, the
average adsorption pore size of PEDOT: Hep increased from 14.62 to
31.07 nm, respectively. As shown in Fig. 3k, PEDOTmainly exists in the
form of mesopores andmicropores, and the proportion of mesopores
in PEDOT: Hep is greatly reduced, and micropores dominated after
doping heparin (Fig. 3l). The N2 adsorption-desorption curves for
PEDOT and PEDOT: Hep exhibit a remarkable resemblance to Type II
isotherms (Supplementary Fig. S12), which reflects the typical physical
adsorption process observed on non-porous or macropores
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adsorbents49,50.Whenmicropores are present on thematerial surfaces,
the specific surface area calculated using the BETmethod is inaccurate
under these conditions. Based on this, although it can be clearly
observed from the SEM image that the surface of PEDOT:Hep is looser
and porous than that of PEDOT, the specific surface area of PEDOT:
Hep (22.03m2·g−1) is slightly higher than that of PEDOT (21.96m2·g−1).

Conductivity, electrochemical properties, and hemocompat-
ibility of PEDOT: Hep
The introduction of heparin increasing the porosity and specific sur-
face area of PEDOT is confirmed by SEM and BET tests, providing a
prerequisite for improving the electrochemical performance of
PEDOT: Hep as an electrodematerial. The conductivity of PEDOT: Hep

prepared with varying heparin doping contents is evaluated using the
four-probe (ST2263) method. PEDOT is a conductive polymer with an
alternating conjugated structure of single and double bonds. Its nat-
ural state is often that of an insulator with a large bandgap, where
electrons are confined to the conjugated π orbital or valence band,
hindering transport andmigration under an external electric field27. As
shown in Fig. 4a, the conductivity of PEDOTwithout heparin doping is
weak at only 0.50S·m−1. Upon oxidation, EDOT loses electrons to form
positively charged EDOT+, and doped heparin with abundant sulfonic
acid groups and negative charges to form multi-ion complexes
through strong electrostatic association. This allows PEDOT to
gain electrons and exhibit directional movement under an external
electric field, endowing it with high conductivity27. Consequently, the

Fig. 3 | Characterization of PEDOT: Hep. a FTIR spectra, b TGA and DTG curves,
cXPS spectra, d S 2pXPS spectra, eO 1sXPS spectra, fN 1sXPS spectra, g, h SEMof
PEDOT, i, j SEM of PEDOT: Hep, k pore size distributions of PEDOT, and l pore size

distributions of PEDOT: Hep. The similar results are repeated in three independent
experiments (g–j).
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incorporation of heparin greatly enhances its electrical conductivity
reaching a maximum of 3.27 S·m−1. The possibility of introducing
heparin to dope PEDOT to improve the conductivity of the electrode
material PEDOT:Hep is further verified by cyclic voltammetry (CV) and
galvanostatic charging-discharging (GCD). After introducing different
doping amounts of heparin into PEDOT, a series of electrochemical
performance tests are carried out as electrode materials by a three-
electrode method. It can be seen from Fig. 4b that at a scan rate of
50mV·s−1, the area enclosed by the CV curve with increasing heparin
content (0 to 100mg) significantly increases. Similarly, when the
specific current is 0.5 A·g−1, the GCD curves of PEDOT: Hep with dif-
ferent heparin doping contents also exhibit a gradually increasing
trend of reversible charging and discharging behavior (Fig. 4c). How-
ever, combining Fig. 4b, c and Supplementary Fig. S13, the electro-
chemical performance of PEDOT: Hep-100 decreases compared to
PEDOT: Hep-50 electrode materials when the heparin content further
increases from 50 to 100mg. It can be seen from the analysis of XPS
that PEDOT: Hep-50 and PEDOT: Hep-100 have highly consistent peak
intensities in the full spectrum and S element high-resolution spec-
trum, especially the -SOx at 168.8 and 170.0 eV43 (Supplementary
Fig. S14). This indicates that the doping sites of EDOT+ approached
saturation when the doping amount of heparin is 50mg, and little
contribution to the electrochemical improvement of the PEDOT: Hep

by continuing to addheparin content. Subsequently, PEDOT:Hep-50 is
selected as the optimal condition and a series of electrochemical
performance tests also confirmed its excellent electrochemical activity
as an electrode material51 (Supplementary Fig. S15). Therefore, doping
with heparin greatly improves the electrochemical performance of
PEDOT as an electrode material.

On the other hand, heparin as an anticoagulant macromolecule is
widely used in the field of clinical treatment of cardiovascular and
cerebrovascular diseases and anticoagulant modification on implan-
tablematerials or device surfaces. In this work, the coagulation time of
the bioelectrode material PEDOT: Hep is tested by APTT, PT, TT, and
Fib to discuss whether it can meet the anticoagulant performance
requirements in the implantationfield as a bioelectrodematerial. From
Fig. 4d–g, it can be seen that compared with the blank control group,
the APTT, PT, and TT of the electrode materials obtained by doping
with different amounts of heparin are all prolonged and the Fib is
decreased, which confirms the introduction of heparin significantly
improve the anticoagulation performance of the electrode material
PEDOT: Hep. Specifically, heparin as an anticoagulant macromolecule
has a unique polysaccharide structure and abundant sulfonic acid
groups. These features enable it to effectively bind with the char-
acteristic motif of antithrombin and primarily act on the intrinsic
coagulation pathway to enhance anticoagulant activity52. Meanwhile, it

Fig. 4 | Electrochemical performance and hemocompatibility of PEDOT: Hep.
a Conductivity, b CV curve at 30mV s−1, c GCD at 0.5 A g−1; the anticoagulant per-
formance of PEDOT: Hep: d activated partial thromboplastin time (APTT),
e prothrombin time (PT), f thrombin time (TT), g fibrinogen content (Fib); and the
platelet adhesion SEM of h PEDOT, and i PEDOT: Hep (the yellow circle shows the

attached platelets). Data were presented asmean± SD (n = 3 independent samples)
(a,d–g). Statistical analysis by one-way ANOVAwith Turkey’smultiple comparisons
test (*p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001 indicate statistical sig-
nificance) (a, d–g). The similar results are repeated in three independent experi-
ments (h, i).
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can be clearly seen from Fig. 4h that the surface of the PEDOT elec-
trode material without heparin lacks a protective mechanism against
platelet adhesion, and the platelet adhesion phenomenon is clearly
visible in the SEM images; but the introduction of heparin effectively
abolished platelet adhesion (Fig. 4i). Thus, from the hemocompat-
ibility of PEDOT: Hep as electrode materials, it is evident that the
introduction of heparin endows bioelectrode materials with good
hemocompatibility, especially anticoagulation and antiplatelet adhe-
sion properties.

The bioelectrode material PEDOT: Hep prepared in this study
incorporates heparin as a counterion doping PEDOT to balance charge
and enhance its electrochemical performance. And leveraging potent
sulfonic acid groups of heparins, PEDOT: Hep binds to characteristic
motifs of anticoagulant enzymes, further reducing or inhibiting
thrombin activity and achieving anticoagulant properties. Conse-
quently, compared to other PEDOT: negatively charged poly-
saccharide systems, PEDOT: Hep exhibits advantages in terms of
dispersion, anti-aggregation, conductivity, and biocompatibility, par-
ticularly anticoagulant performance23,27 (Supplementary Table S4).
Considering this study focuses on simultaneously enhancing and bal-
ancing conductivity, electrochemical properties, and anticoagulant
activity, the PEDOT: Hep-50 as the optimal condition is chosen to
conduct subsequent research.

Structural characteristics, biocompatibility, and hemocompat-
ibility of anticoagulant supercapacitors
Subsequently, PEDOT: Hep-50 andbacterial cellulose (BC) are utilized as
the components of electrode and electrolyte layer, respectively, and the
anticoagulant supercapacitor with all-in-one structure of supercapacitor
is prepared via in situ polymerization. Specifically, the schematic dia-
gram, optical microscope, and SEM images of the supercapacitor
structure are shown in Supplementary Fig. S16a–c. Since the original BC
membrane is pre-treated by drying (100 °C), its internal structure, such
as the dense cellulose nanofiber network observed in the BC cross-
sectional SEM image in Supplementary Fig. S16c, prevents the EDOT
monomer from excessive penetration or immersion during the con-
trolled polymerization time, and the EDOT monomer is only deposited
and polymerized on or near the surface of the BC layer53. Therefore, the
interior of the BCmembrane remains in a non-conductive state and can
be used as an electrolyte layer to construct an all-in-one supercapacitor,
and observed in optical microscope and SEM images that EDOT
monomer only polymerizes and grows on both sides of the BC layer. In
contrast, the traditional sandwich-type supercapacitor obtained by
stacking electrode-electrolyte-electrode layers, the all-in-one super-
capacitor constructed by directly introducing electrodes on both sides
of the electrolyte layer via in situ polymerization macroscopically blurs
the interface of electrode-electrolyte-electrode. The steric hindrance
effect at the electrode-electrolyte interfaceof the supercapacitorwith an
all-in-one structure is significantly reduced and the transport of elec-
trolyte ions between the interfaces is obviously improved54, positively
impacting electrochemical reaction progress. At the same time, the
special all-in-one structure prevents potential misalignment and
detachment between components during continuous strain deforma-
tion, avoiding serious consequences of equipment failure. The stress-
strain curve in Supplementary Fig. S17 confirms the impressive
mechanical properties of the supercapacitor, with a stress of 13.20MPa
at a strain of 35.47%,meeting themechanical performance requirements
of implantable flexible devices55. This generation of energy storage
devices is expected to be applied in the implantable field and attract
more and more attention.

The morphologies of the constructed supercapacitor are micro-
scopically observed using SEM. Obviously, the fibermorphology of BC
as an electrolyte layer before polymerization is shown in Supplemen-
tary Fig. S18a. The supercapacitor is integrated by constructing elec-
trode materials on both sides of the electrolyte layer via in situ

polymerization, resulting in a transformation of surface morphology
from fibrous to rough granular, which is characteristic of electrode
materials (Supplementary Fig. S18b). The SEM cross-section of the
supercapacitor presented in Fig. 5a reveals a closely interconnected
electrode-electrolyte-electrode structure forming a whole. Corre-
sponding element mapping of C and O elements are uniformly dis-
tributed across the entire cross-section of the supercapacitor, while
the S element is only distributed at both ends of the electrode side.
This is due to the electrolyte layer being composed of bacterial cel-
lulose, containing only C, H, and O elements, while the electrode
material of PEDOT: Hep encompasses a substantial quantity of S ele-
ments in addition to C, H, and O elements. As such, the distribution of
the S element is confined to the electrode layers on both sides, further
corroborating the successful fabrication of the supercapacitor with an
all-in-one structure. The supercapacitor obtained via in situ poly-
merization in this study effectively eliminates the macroscopic inter-
face between the electrode and electrolyte layer, enhancing the
electrochemical performance and overall stability of the device.

The supercapacitor obtained via in situ polymerization in this study
effectively eliminates the macroscopic interface between electrode-
electrolyte-electrode, enhancing the electrochemical performance and
overall stability of the device. However, to better control the depth of
polymerization and prevent device short-circuiting, the polymerization
time is optimized to 12, 24, 36, and 48h, respectively, to obtain super-
capacitor-12, supercapacitor-24, supercapacitor-36, and supercapacitor-
48. By optimizing the interfacial polymerization preparation strategy,
the interface issue of supercapacitors is resolved and greatly benefiting
the practical application of implantable energy storage devices.

Traditional dopants of PEDOT primarily consist of PSS or small
molecules, which are acidic (The pH of PEDOT: PSS is 4.42) or prone to
decomposition after doping, and causing adverse effects on cells and
tissues27. When heparin replaces the acidic PSS, the pH of the PEDOT:
Hep dispersion system approaches neutrality (pH = 6.80), which
greatly enhances the biological safety of the system (Supplementary
Fig. S19). By selecting natural macromolecule heparin as a dopant for
PEDOT, effectively addresses these issues and endows the electrode
materials and devices with good biocompatibility and hemocompat-
ibility. Figure 5b, c intuitively presents the growth and vitality of L929
cells incubated in the extract of the anticoagulant supercapacitor. The
cells exhibit a normal spindle morphology at both 24 and 48h.
Moreover, there is a noticeable increase in cell count with the exten-
sion of incubation time, and the relative proliferation rate of the cells is
greater than 83%. This confirms that the PEDOT: Hep-based antic-
oagulant supercapacitors have excellent biocompatibility. Further-
more, the hemolysis rate of all the anticoagulant supercapacitors
prepared with different polymerization time are much lower than the
ASTM standard (ASTMF756-2008) requirement for the hemolysis rate
of biomaterials (<5%)56, meeting clinical implanted devices hemo-
compatibility requirements (Fig. 5d). Figure 5e also shows that com-
pared to the control group, the APTT, PT, and TT of supercapacitors
obtained with different polymerization time are significantly pro-
longed, and the Fib content gradually decreased or remains similar to
the control group. This indicates that with prolonged polymerization
time, heparin content in bioelectrode material of PEDOT: Hep depos-
ited on the supercapacitor surface is gradually increases, effectively
inhibiting coagulation processes and improving anticoagulant activity.
Surprisingly, the APTT of supercapacitor-36 is 63.4 s when the poly-
merization time is 36 h, and the extension of APTT confirms that
heparin mainly acts on the intrinsic coagulation pathway8. This is
mainly due to the fact that heparin contains a large number of nega-
tively charged sulfonic acid groups, which combine with the char-
acteristicmotifs of antithrombin to act on the anticoagulation process.
As shown in Supplementary Fig. S20, the original BC membrane has a
very low clotting time (APTT is only 29.3 s). Although the PSSmolecule
also contains abundant sulfonic acid groups and is used as a heparin-
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mimicking polymer to improve the anticoagulant effect57, the coagu-
lation timeof the PEDOT: PSS/BC (APTT is 46.4 s) basedonPEDOT: PSS
as electrode material is lower than that of PEDOT: Hep/BC (APTT is
63.4 s). This is mainly due to the unique polysaccharide structure of
heparin and its abundant sulfonic acid, which greatly improves its
binding ability to the characteristic motifs of antithrombin, thus
endowing PEDOT: Hep-based electrodematerials and supercapacitors
with strong anticoagulant effect. Meanwhile, Fig. 5f, g respectively
display the platelet adhesion test and the platelet adhesion number of
supercapacitors with anticoagulant performance obtained at different
polymerization time. Among then, the number of platelets adhering to
the surface of the supercapacitor significantly decreases with the
extension of the polymerization time. This ismainly due to the gradual
increase in the content of the bioelectrode material PEDOT: Hep

deposited on the electrolyte layer interface with the extension of
polymerization time in a certain time range. However, further
prolonging the polymerization time beyond this time limit will lead to
excessive penetration of electrode material into the electrolyte layer,
leading to reduced deposition of heparin-containing PEDOT: Hep on
both sides of the BC membrane and deteriorating its anticoagulation
performance. Therefore, strictly controlling the polymerization time is
critical for maintaining good anticoagulant properties in the device.

The electrode material PEDOT: Hep contains a large amount of
heparin, which has a special polysaccharide structure and abundant
sulfonic acid groups that bind with the anticoagulant thrombin base
sequence, effectively enhancing anticoagulant activity and reducing
platelet adhesion58. The reduction of platelet adhesion and the pro-
longation of coagulation time confirms that the device can achieve

Fig. 5 | Structural and hemocompatibility of anticoagulant supercapacitors.
a Cross-section SEM of anticoagulant supercapacitor with all-in-one structure and
element mapping of C, O, and S element, respectively; the biocompatibility and
hemocompatibility of anticoagulant supercapacitor: b digital photographs of the
growth of L929 cells at 24 and 48h, respectively, c cell proliferation at different
concentrations measured by cck-8method, d the hemolysis rate (HR) (PC refers to

a positive control (DI water), and NC refers to negative control (normal saline)),
e anticoagulant performance, f platelets numbers, and g the SEM of platelet
adhesion (the yellow circle shows the attached platelets). The similar results are
repeated in three independent experiments (a, b, g). Data were presented as
mean ± SD (n = 3 independent samples) (c, e, f).
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excellent anticoagulant performance due to importing anticoagulant
macromolecular heparin acting on the intrinsic coagulation pathway.
Therefore, as the attention to the hemocompatibility of implantable
energy storage devices, especially the anticoagulant performance, the
supercapacitor with anticoagulant activity designed in this work pro-
vides a prerequisite and solid foundation for normal operation of
implantable energy storage devices in vivo.

Electrochemical properties of anticoagulant supercapacitors
The in situ polymerization time and depth not only affect the hemo-
compatibility of supercapacitors, but also have a certain impact on
their electrochemical performance. As shown in Fig. 6a, as

polymerization time increases from 12 to 36 h, the CV curves of the
supercapacitor-12 to supercapacitor-36 gradually become quasi-
rectangular and symmetrical at a scan rate of 50mV·s−1. The GCD
curve also gradually presents a relatively symmetrical triangle at a
specific current of 0.1 A·g−1, and the area surrounded by the triangle
increases with the prolongation of the polymerization time, indicating
that the supercapacitor has good coulombic efficiency and reversible
charging and discharging behavior (Fig. 6b). Nyquist plots in Fig. 6c
clearly show that the Warburg impedance in the low-frequency region
due to electrode diffusion decreases significantly with increased
polymerization time. This is mainly because the interfacial effect
between the electrode and electrolyte layer is reduced with prolonged

Fig. 6 | Electrochemical performance of anticoagulant supercapacitor. a CV
curve at 50mV s−1, b GCD at 0.1 A·g−1, c Nyquist plots, d CV curves at different scan
rates, e GCD curves at different specific currents, f Nyquist plots, g Bode plots,
h areal capacitance at different specific currents, i Ragone plots of areal energy

density andpower density, jCVcurve in a different electrolyte solution (phosphate-
buffered saline (PBS), stroke-physiological saline solution (SPSS), and simulated
body fluid (SBF)) at 50mV·s−1, and k cyclic stability.
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polymerization time, and a fast ion transport channel can be formed
between the interface, which provides favorable conditions for
improving the electrochemical performance of the supercapacitor.
Unfortunately, the CV curves, GCD curves, andNyquist plots reveal the
electrochemical performance of the supercapacitor-48 is significantly
reduced when the polymerization time is extended from 36 to 48h.
This is mainly due to the sulfur (S) element only contained in the
PEDOT: Hep is excessively permeated and diffused into the electrolyte
layer with the extension of polymerization time, and the interface
between the electrode and the electrolyte layer becomes blurred
(Supplementary Fig. S21). The distribution and content of S elements
on the surface (Supplementary Figs. S22, S23), and the peak intensity
of -SOx at 168.6 and 169.8 eVof supercapacitor-48 is significantly lower
than that of supercapacitor-3643 (Supplementary Fig. S24). This indi-
cates that long polymerization time leads to excessive penetration of
PEDOT: Hep into the BC electrolyte layer, which easily causes the
precursor of short circuits and adversely affects the device's perfor-
mance. Therefore, the polymerization timemust be strictly controlled
to avoid this negative phenomenon. Under the same preparation
conditions, electrochemical tests are conducted on three groups of
supercapacitor-36. As shown in Supplementary Fig. S25 and Table S5,
the three groups of supercapacitors are highly similar to the
supercapacitor-36 shown in Fig. 6a–c in terms of electrochemical
performance and yield. This indicates that by introducing electrode
materials directly on both sides of the electrolyte layer through in situ
polymerization to build a supercapacitor with an all-in-one structure,
this manufacturing method has high repeatability and reproducibility,
and the preparation method is simple, which can be used for mass
production. Therefore, the hemocompatibility and electrochemical
performance of supercapacitors obtained at different polymerization
times are considered, the in situ polymerization time is controlled at
36 h to obtain the supercapacitor-36, which has best electrochemical
performance and hemocompatibility.

Figure 6d confirms that the CV curves of supercapacitor-36 are
symmetric within the voltage range of 0 to 0.8 V and scan ranges of
10–50mV·s−1, exhibiting minimal distortion across different scan rates
and indicating ideal capacitive performance. Within the range of 0.05
to 0.5mA·cm−2, the GCD curves reveal ideal reversible charging-
discharging behavior. As current density increases, none of the GCD
curves exhibit voltage drop, confirming the strong electrochemical
stability of supercapacitor-36 (Fig. 6e). Furthermore, the maximum
operating voltage of this supercapacitor can be extended to 1.2 V
(Supplementary Fig. S26). To accommodate various application sce-
narios, it quickly completes the charging process within 25 to 30 s at
0.1mA·cm−2, and achieves discharging behaviors lasting for 168, 201,
and 622 seconds at specific currents of 0.1, 0.05, and 0.01mA·cm−2,
respectively, resulting in mismatched charging and discharging
curves. In practical applications, rapid charging of supercapacitors and
slow discharging of the required power supply devices are achieved,
greatly satisfying diverse application needs (Supplementary Fig. S27).
The Nyquist and Bode diagrams in Fig. 6f, g show that the charge
transfer resistance (semicircular in the high-frequency area) and dif-
fusion resistance (straight line in low-frequency area) of the device are
low. This reflects the interfacial compatibility between the electrolyte
layer and electrode material, indicating that supercapacitor-36 exhi-
bits good performance in the field of energy storage.

According to the GCD curve and formula (6), Fig. 6h indicates that
the areal specific capacitances are 46.96, 46.24, 44.28, 42.18, 41.02, and
40.42mF·cm−2 at 0.05 to 0.5mA·cm−2, respectively, with a capacitance
retention rate of 86.07%. Figure 6i and Supplementary Table S6 display
the supercapacitor areal energydensities are39.98and400.25μWh·cm−2

when the areal power densities are 4.17 and 3.59μW·cm−2, respectively,
which are higher than most reported PEDOT-based supercapacitors59–66.
Subsequently, similar and stable electrochemical performance of antic-
oagulant supercapacitors in different electrolyte solutions (PBS, SPSS,

SBF, and whole blood) are presented in Fig. 6j and Supplementary
Figs. S28, 29. The capacitance retentionof thedevice remained at 76.24%
after 20, 000 GCD cycles (Fig. 6k). The supercapacitor has a stable
interfacial cross-linked structure compared to other conventional flex-
ible supercapacitors, effectively reducing ion transport barrier to avoid
charge loss between the electrode and electrolyte during the charging
anddischargingprocesses67. TheGCDcurves fordifferent cycle numbers
show high consistency, further confirming the exceptional cycle stability
of the anticoagulant supercapacitor during charging and discharging. At
the same time, the CV and GCD curves of the supercapacitor do not
significantly change at different bending angles (180°, 155°, 135°, and
115°), which is an excellent performance for flexible devices (Supple-
mentary Fig. S30). To further increase the output voltage and capaci-
tance, one feasible method is to connect multiple supercapacitors in
series or parallel. For example, the voltage can rise to 2.5 V or evenmore
when two identical supercapacitors are connected in series, meeting the
specific energy or power requirements (Supplementary Fig. S31). In
conclusion, the electrochemical properties displayed by this super-
capacitor provide a solid foundation for stable and long-term operation
of energy storage devices in vivo.

Applications of anticoagulant supercapacitor
Implantable biomedical monitoring systems can detect and regulate
physiological and pathological parameters, such as heart rate,
respiratory rate, and blood pressure, achieving early diagnosis and
prevention of diseases68. Currently, implantable batteries or super-
capacitors remain the main power source for most implantable elec-
tronic devices69. While these implantable power devices meet
electrical performance, few studies focus on their hemocompatibility,
especially anticoagulation performance. This leads to the thrombus
formation on the surface of the implanted power device due to its lack
of anticoagulant protection, which easily causes pulmonary embolism
or cardiovascular embolism after implantation. Interestingly, the
anticoagulant supercapacitor designed in this work effectively solves
this issue. On the one hand, the supercapacitor provides the necessary
electrical energy for the normal operation of implantable bioelec-
tronics. On the other hand, it exhibits excellent anticoagulation per-
formance, avoiding the formation of thrombus after implantation. The
schematic diagram and digital photograph of the anticoagulant
supercapacitor connected to the heart rate sensor are shown in
Fig. 7a, b. Subsequently, the anticoagulant supercapacitor implanted in
the subcutaneous tissue of the mouse can effectively provide energy
for the implantable heart rate sensor and realize real-time detection
and transmission of heart rate signals (Fig. 7c, d, Supplementary
Movie 1, and Supplementary Fig. S32). To further evaluate the effec-
tiveness of this anticoagulant supercapacitor, the device is implanted
in the subcutaneous area of the mouse to power the electronic device
(Fig. 7e). After charging, it can successfully light up the LED light
(threshold voltage is 1.2 V) (Fig. 7f and Supplementary Movie 2). This
demonstrates its ability to provide power for bioelectronics in the
future. At the same time, electrochemical performance tests before
and after 24 h also found that the areal capacitance of the super-
capacitor has only degraded by 25.3% (Fig. 7g–i). The decrease in
capacitancemaybe related to the infiltrationofmouse body fluids, but
the decrease can be improved by appropriate packaging strategies29.

Self-discharging as an inherent property of supercapacitors is a
thermodynamic spontaneous process driven by the ion concentration
and electric field gradient near the electrode surface70,71. The self-
discharging rate of supercapacitors constructed from PEDOT-based
electrode materials obtained under different dopants has been eval-
uated. Among them, the supercapacitors of PEDOT: Hep/BC and
PEDOT: PSS/BC are charged in a potential window of 0 to 0.8 V under
an applied current of 0.1mA, and their open circuit potential (OCP)
changes within 5 h are recorded. As shown in Supplementary Fig. S33a,
the OCP decay of the PEDOT: Hep/BC is significantly slower than that
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of the PEDOT: PSS/BC. After 5 h, the PEDOT: Hep/BC and PEDOT: PSS/
BC drop from 0.8 to 0.28 and 0.17 V, respectively, and the OCP decay
rate of the PEDOT:Hep/BC is 17.72% lower than that of the PEDOT: PSS/
BC. This result indicates that the self-discharging rate of the super-
capacitor based on PEDOT: Hep is lower. At the same time, the leakage
current of the supercapacitor at 0.8 V is measured, and is shown in
Supplementary Fig. S33b, the leakage currents of the PEDOT: Hep/BC
and PEDOT: PSS/BC gradually stabilize at 0.83 and 0.71μA after 2 h,
respectively, and the leakage current of the PEDOT: Hep/BC is smaller
than that of the PEDOT: PSS/BC, further proving that the self-
discharging rate of the supercapacitor doped with the biomacromo-
lecule heparin is lower compared to other PEDOT-based super-
capacitors. In addition, in actual clinical applications, it is possible to
suppress the self-discharging phenomenon and obtain anticoagulant
supercapacitors more suitable for implantable bioelectronics by
optimizing the electrolyte or separator based on this72.

Long-term stability of anticoagulant supercapacitors in vivo
Supercapacitors are implanted into mice to evaluate their long-term
stability, biocompatibility, and hemocompatibility in vivo, especially
their anticoagulation properties. The schematic diagram and digital

photographs of the supercapacitor implanted into the mouse are
shown in Fig. 8a, b, respectively. Subsequent observations revealed
that themice can carry out normal daily activities on the 15th and 90th
day after the supercapacitors are implanted, with normal hair growth
and no inflammation at the implantation site. When the device is
removed on the 15th and 90th day after implantation, there is no
obvious tissue adhesion to the surface of the supercapacitor at the
implantation site (Fig. 8b and Supplementary Figs. S34, S35). Mean-
while, thedevicemaintains similar surface integrity and cross-sectional
layered morphology before and after 90 days of immersion in simu-
lated body fluid (SBF) (Supplementary Figs. S36, S37). These results
confirm that the supercapacitors exhibit good structural stability,
integrity, biocompatibility, and hemocompatibility. Hematology ana-
lyses are performed on the mouse in the blank control group and on
the 15th and 90th day after supercapacitor implantation, respectively.
The blood clotting analyses are shown in Fig. 8c that the coagulation
time and fibrinogen content on the 15th and 90th day post-
implantation are similar to or slightly increased compared to the
blank group. This indicates that the anticoagulant supercapacitor does
not cause cardiovascular diseases such asblood clotting and thrombus
after implantation. At the same time, blood routine tests are found in

Fig. 7 | Applications of anticoagulant supercapacitor. a,b Schematic diagramand
digital photograph of supercapacitor connected to heart rate sensor, c digital pho-
tograph of the implanted heart rate sensor powered by supercapacitor implanted
subcutaneously in the mouse, d record heart rate monitoring signals from the

implantable heart rate sensorpoweredby a supercapacitor, edigital photographof the
supercapacitor implanted subcutaneously in the mouse, f LED light is powered by
supercapacitor, and g–i the CV, GCD, and Nyquist curves before and after 24h of
implantation supercapacitor. The cartoonmouse is by Figdraw (www.figdraw.com) (a).
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Fig. 8d and Supplementary Table S7. The number of red blood cells,
white blood cells, and platelet count in the blank group and implanted
with supercapacitor are similar, further confirming that no inflamma-
tion and thrombosis are induced after long-term implantation73.

Afterwards, histological analyses are conductedon the implantation
sites. H&E and toluidine blue staining, as shown in Fig. 8e and Supple-
mentary Fig. S38, there is no inflammatory response in the tissue at the
implantation sites at 15th and 90th day post-implantation compared to
the blank control group. The mast cells are observed by toluidine blue
staining to represent the degree of inflammation, and the statistical
analysis of mast cells is shown in Fig. 8f that there is no significant
difference between the blank control group and the implantation group.
Through the anticoagulant performance, blood routine, and pathologi-
cal analysis of mice 90 days after implantation, it can be confirmed that
the supercapacitors still maintain good biocompatibility and hemo-
compatibility, especially anticoagulant activity after 90 days of long-
term implantation. Therefore, the heparin-doped PEDOT for antic-
oagulant supercapacitor evidences long-term stable biocompatibility
and hemocompatibility after implantation, providing infinite possibi-
lities for widespread application of implantable energy storage devices3.

Discussion
In summary, we have demonstrated an anticoagulant supercapacitor
by heparin-doped PEDOT for potential applications in implantable
bioelectronics. Heparin contains a large number of negatively charged
sulfonic acid groups, which serve as counterions for PEDOT to balance
its oxidized positive charge carriers and guarantee its conductivity.
Additionally, heparin has a unique polysaccharide structure and
abundant sulfonic acid group can effectively bind with the character-
istic motif of antithrombin, reducing or blocking the activity of
thrombin to achieve the purpose of anticoagulation. This study
effectively combines the electrochemical properties of implantable
energy storage devices with hemocompatibility, particularly antic-
oagulant activity. This addresses the issue of implantable energy sto-
rage devices lacking a thrombus protection mechanism in the body,
which can result in blood coagulation, thrombus, and other threats to
human health and affect the normal operation of the device. It pro-
vides a solution for the long-term stable operation of implantable
energy storage devices in vivo. To transform the anticoagulant
supercapacitor into a real biomedical application in the future, several
challenges need to be addressed: the ability to integrate a wireless

Fig. 8 | Hemocompatibility and biocompatibility of anticoagulant super-
capacitors in vivo. a Schematic diagram of implantation, b digital photograph of
the 1st day, 15th day, 90th day after implantation, and the dissection on 90th day
after implantation, c anticoagulant performance, d blood routine (WBC white
blood cell count, NEUT neutrophils, LYM lymphocytes, RBC red blood cell count,
HGB hemoglobin concentration, and PLT platelet count), eH&E and toluidine blue

staining at the implant regions on the blank control and implanted tissues, and
f statistical analysis of mast cells of the blank control and implanted tissues. The
cartoon mouse is by Figdraw (www.figdraw.com) (a). The similar results are repe-
ated in three independent experiments (b, e). Data were presented as mean ± SD
(n = 3 independent samples) (c, d, f). Statistical analysis by one-way ANOVA with
Turkey’s multiple comparisons test (*p <0.05 and **p <0.01) (f).
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charging system with the anticoagulant supercapacitors to solve the
problem of charging in vivo; designing a highly acid-resistant super-
capacitor to meet the complex application scenarios in vivo; super-
capacitors used in the skull or cardiovascular system need to meet
miniaturization requirements; implantable supercapacitors need to
match the corresponding flexibility and mechanical stretchability
according to the mechanical properties of the body tissues to achieve
efficient and safe applications. By deeply designing the chemical
functionalization ofmaterials and energydevices, these challenges can
beovercome,making thebiocompatible power system fulfill the actual
power supply requirements of bioelectronics.

Methods
Ethical statement
All animal procedureswereperformed in accordancewith theNational
Research Council’s Guide for the Care and Use of Laboratory Animals
and were approved by the Animal Experimentation Ethics Committee
of LaboratoryAnimal Ethics Committee of ZhejiangHaikang Biological
Products Co., Ltd., and the approval ID was HKSYDWLL2021027.

Chemicals and materials
3, 4-ethylenedioxythiophene (EDOT, M= 142.18), heparin sodium (Hep,
≥150 USP units/mg, the content of sulfuric acid group is about 26%),
bacterial cellulose (BC, the fiber diameter is 40 to 60nm and the length
is >20μm), ammonium persulfate (APS, M=228.201) were obtained
fromMacklin Reagent, Beijing Labgic Technology Co., Ltd., Hainan Yide
Co., Ltd., and Guangdong Guanghua Sci-Tech Co., Ltd., respectively.
Phosphate-buffered saline (PBS, 1x), stroke-physiological saline solution
(SPSS), and simulated body fluid (SBF) were purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. Commercial poly(3, 4-ethylenediox-
ythiophene): poly(styrene sulfonate) (PEDOT: PSS, P824250, 1.5% in
water, Macklin Reagent) was used as a control material. All of the above
chemicals were used as received unless otherwise specified.

Preparation of bioelectrode material of PEDOT: Hep
About 1.2 g EDOT and 50mg Hep were dissolved in 100mL DI water,
and stirred at room temperature (25 °C) for 2 h under a nitrogen (N2)
atmosphere. Then, 5mL DI water containing 0.3 g APS as oxidant
solution and added to the mixed solution, and stirring was continued
at room temperature (25 °C) for 48 h under N2 atmosphere to obtain a
dark blue solution to complete the polymerization. Then the solution
was centrifuged under extreme centrifugal conditions (10,278 × g for
5min) and washed three times with DI water and the mixture of
acetone andmethanol (V1: V2 = 1: 7), respectively, to remove unreacted
EDOT monomers and further purify the electrode material38. Finally,
the black polymer was dried in a vacuum oven at 60 °C for 24 h to
obtain a bioelectrode material of PEDOT: Hep. The compositions of
PEDOT: Hep were shown in Supplementary Table S1.

Preparation of anticoagulant supercapacitor of PEDOT: Hep/BC
About 1.2 g EDOT, 50mg Hep, and BC (10 × 10 × 0.135mm3) were
immersed in 100mLDI water, and stirred at room temperature (25 °C)
for 2 h under N2 atmosphere. Then, 5mLDI water containing 0.3 g APS
as oxidant solutionwasdissolved and added to themixed solution, and
stirring was continued at room temperature (25 °C) for 36h under N2

atmosphere to obtain a dark blue supercapacitor to complete the
in situ polymerization74. The compositions and polymerization time of
the supercapacitors were listed in Supplementary Table S1.

Characterizations
The above fabricated bioelectrode material of PEDOT: Hep and
anticoagulant supercapacitor were characterized by using various
spectroscopic techniques. The molecular structure, morphology,
X-rayphotoelectron spectra (XPS), water contact angle, N2 adsorption/
desorption isotherms and pore distributions, element mapping, and

thermogravimetric performance of PEDOT: Hep and supercapacitor
were characterized by FTIR (NEXUS670), scanning electron micro-
scope (SEM JSM-6701 F), transmission electron microscope (TEM JEM-
2010F), LSM 800 Laser Confocal Microscope, WCA PHS-3C, Brunauer-
Emmet-Teller method (BET JW-BK200C), PerkinElmer PHI ESCA sys-
tem, and thermogravimetric analysis (TGA NETZSCH, 10 °C·min−1 in
nitrogen atmosphere), respectively.

Mechanical property
The mechanical properties of the supercapacitor (25 × 15 × 0.38mm3)
were tested at room temperature (25 °C) with a mechanical testing
machine (TY8000B-500N, Jiangsu Tianyuan Test Equipment Co., Ltd.)
at a rate of 10mm·min−1. The tensile (σ, MPa) and strain (ε, %) of the
supercapacitor were calculated by formula (1) and formula (2)18,
respectively.

σðMPaÞ= F
A

ð1Þ

εð%Þ= L� L0
L0

× 100 ð2Þ

Where F, A, L0, and Lwere the force, cross-sectional area, initial length,
and fracture length in tension of the supercapacitor, respectively.

Electrical conductivity
The electrical conductivity of PEDOT: Hep powder was tested using the
four-probemethod. Under a pressure of 60MPa, 150mg of PEDOT: Hep
powder was compressed into a thin sheet. After 10min of compression,
the samples were placed on a fixture, ensuring their flatness. Subse-
quently, the four probes were individually in contact with the four cor-
ners of the sample at a temperature of 26 °C and 42% humidity, and the
electrical conductivitywas recorded. This evaluation aimed to assess the
electrical performance of the PEDOT: Hep as electrode material75.

Electrochemical tests of PEDOT: Hep
The electrodematerial was prepared bymixing the PEDOT:Hep (80wt
%), acetylene black (8%), graphite (8%), and poly (tetrafluoroethylene)
(4%)76,77. Subsequently, the electrode material was coated on nickel
foam (1.0 × 1.0 cm2), each electrode contained 4mg of PEDOT: Hep,
and dried thoroughly (60 °C, 12 h). The electrochemical tests of
PEDOT:Hepwere accomplished in the three-electrode systemusing an
electrochemical workstation (CHI 660E), with the aforementioned
prepared electrodematerial as a working electrode. Operating voltage
between −1.0 to −0.2 V, cyclic voltammetry (CV) curves were tested
across various scan rates (10 to 50mV·s⁻¹); galvanostatic charging-
discharging (GCD) curves were evaluated at different specific currents
(0.1 to 1.0 A·g⁻¹). Additionally, electrochemical impedance spectro-
scopy (EIS) spectra were tested in a range of 10−2–105 Hz. The specific
capacitance of PEDOT: Hep was evaluated from the GCD curve and
formula (3); combinedwith their specific capacitance, formula (4), and
formula (5), the corresponding mass-energy density and mass power
density were achieved.

Cm =
I × 4t
m× 4V

ð3Þ

Em=
Cm × 4V 2

7:2
ð4Þ

Pm=
Em × 3600

4t
ð5Þ

WhereCm, Em, Pm, andmwere specific capacitance (F·g−1),mass-energy
density (Wh·kg−1), mass power density (W·kg−1), and mass (g) of the
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PEDOT: Hep, respectively; I, Δt, and ΔV were discharging current (A),
discharging time (s), and voltage (V), respectively.

Electrochemical tests of anticoagulant supercapacitor
The assembly and testing process of the anticoagulant supercapacitor
were as follows18: two identical layers of carbon cloth (1.0 × 5.0 cm2) as
the current collector were placed on both sides of the supercapacitor
(the volume is 1.0 × 1.0 × 0.135 cm3, and the mass loading is
40mgcm−2) under pressure. Within the voltage range of 0 to 0.8V,
electrochemical tests ofCV andGCD curveswere conducted using CHI
660E in a two-electrode system under various scan rates (10 to
50mV·s−1) and specific currents (0.05 to 0.5mA·cm−2), respectively,
and EIS spectra were tested in frequency range of 10−2–105 Hz. Cyclic
stability tests were obtained through the LAND (CT2001A) instrument
with 0.5mA·cm−2. PBS, SPSS, and SBF solutions and whole blood of
mouse were selected as the electrolytes for the supercapacitor,
respectively. The areal capacitance of anticoagulant supercapacitor
was calculated from their GCD curves and formula (6), and the cor-
responding areal energy density and areal power density were calcu-
lated from their areal capacitance, formula (7), and formula (8).

CS=
I × 4t
S× 4V

ð6Þ

ES=
CS × 4V 2

7:2
ð7Þ

PS=
ES × 3600

4t
ð8Þ

Where CS, ES, PS, and S were areal capacitance (mF·cm−2), areal energy
density (μWh·cm−2), areal power density (μW·cm−2), and test area (cm2)
of an anticoagulant supercapacitor, respectively.

Cell culture
The cell viability was measured by the CCK-8 method to evaluate the
survival and toxicity of anticoagulant supercapacitor on the mouse
embryonic fibroblasts cell line (L929, Item No.: GNM2812, Servicebio
TechnologyCo., Ltd). Firstly, 10 μL of sterile supercapacitor extracts of
different concentrations were added to each well of the 96-well plates
containing DMEM complete culture solution containing L929 cells
(7500 cells/well, 1 × 106 cells/mL), and then the 96-well plate at 37 °C in
a 5%CO2 incubator for 24 and48 h. The absorbance (OD) of the96-well
plate at 450nm was measured with an enzyme marker after incuba-
tion, and the relative proliferation of cells was calculated according to
formula (9).

Cell Relative Prolif erationð%Þ= ðODS �ODCÞ
ðODN �ODCÞ

× 100 ð9Þ

Where ODS, ODC, and ODN were the OD values of the samples, blank
control, and negative control, respectively.

Hemolytic activity test
A hemolysis test was performed on the supercapacitor to evaluate
its hemocompatibility18. Briefly, fresh mouse whole blood was diluted
(V blood: V saline = 1: 1.25), and 0.3mL of diluted whole blood was added
to 2.7mL of saline solution (0.9% NaCl) soaked in supercapacitor
samples, DI water, and saline solution as the samples, positive control,
and negative control, respectively. After incubated in a water bath at
37 °C for 1 h, each group was centrifuged at 102.78 × g for 5min, and
the optical density of the supernatant was measured at 545 nm using a
UV-Vis spectrophotometer (UV-1600). The hemolysis rate (HR) was

calculated by formula (10).

HRð%Þ= ðODs �ODNÞ
ðODP �ODNÞ

× 100 ð10Þ

Where ODS, ODN, and ODP referred to the mean absorbance values of
the supercapacitor, negative control, and positive control,
respectively.

Anticoagulant test
Fresh blood from mice was collected with an anticoagulant vacuum
tube (Vsodium citrate: Vblood = 1: 9), and the collected fresh blood was
centrifuged at 925.02 g·min−1 for 15min to obtain platelet-poor
plasma (PPP).

The activated partial thromboplastin time (APTT), prothrombin
time (PT), thromboplastin time (TT), and fibrinogen content (Fib) of
PEDOT: Hep and supercapacitor were evaluated using an automatic
coagulation analyzer (RAC-1830), respectively78. Briefly, 10mg of
PEDOT: Hep and 1.0 × 1.0 cm2 of supercapacitor were placed in 3mLof
PBS solution (pH= 7.4) and incubated in a 37 °C water bath for 24 h,
respectively. Then the PBS solution was removed, 1mL PPPwas added,
and incubation continued at 37 °C for 30min before transferring the
PPP to the sample tube for use. APTT, TT, PT, and FIB were measured
using an automatic coagulometer to evaluate the coagulation of
PEDOT: Hep and supercapacitor.

Platelet adhesion test
Fresh blood from mice was collected and centrifuged at 411.12 g·min−1

for 5min to obtain platelet-rich plasma (PRP). PEDOT: Hep and
supercapacitor were immersed in PBS solution at 37 °C for 24 h, then
PEDOT:Hep and supercapacitorwere removed andplaced in 500μLof
PRP and incubated at 37 °C for 2 h. The PRP was removed and PEDOT:
Hep and supercapacitor were rinsed three times with PBS solution
before being fixed with 4wt% glutaraldehyde in PBS for 24 h at 4 °C.
After washed with PBS solution, the PEDOT: Hep and supercapacitor
were dried and dehydrated through a series of gradient physiological
alcohol/PBS solutions (25, 50, 75, 85, 95, and 100V/V%), the adhesion
of platelets on the surface was observed by scanning electron micro-
scopy (SEM JSM-6701 F)58.

In vivo implantation experiment
Nine ICR mice (female) were purchased from the SPF Biotechnology
Co., Ltd. (Beijing, China). Six-week-old pathogen-free mice (20 ± 5 g)
were used throughout the in vivo studies (the Laboratory Animal Use
Permit No. was SYXK Zhe 2021-0005, and the sex of animals was not
associated with the results in this study). All mice were kept in a 12 h
light/darkcycle animal room (the room temperaturewas 25 °C, and the
humidity was 55%) with free access to water and food for 7 days of
adaptive feeding. After the adaptive feeding period, the mice were
randomly divided into a blank group and an experimental group. The
experimental mice were injected subcutaneously with pentobarbital
sodium (7mg·mL−1) to anesthetize the mice, and the anesthetic dose
was based on the weight of themice (0.01mL·g−1). The response of the
mice was observed to ensure that they were anesthetized. After
anesthesia, skin preparation, depilation, and disinfection were per-
formedon the dorsal side of themice. An epidermis and dermiswound
about 1 cm in length was created on the back of each mouse, and the
anticoagulant supercapacitor was implanted subcutaneously and
sutured. The mice were observed and fed according to their group
after modeling, with the blank control group being fed normally
without implantation. Digital photographs were taken of the wound
sites of mice in the experimental group on the 1st, 15th, and 90th day
after implantation, respectively.
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In vivo blood routine and anticoagulation test
On the 15th and 90th day after implantation, blood routine tests were
performed on mice in the experimental and blank control groups
using a complete blood cell counter, including red blood cell count
(RBC), hemoglobin concentration (HGB), mean corpuscular volume
(MCV), mean corpuscular hemoglobin concentration (MCHC), mean
platelet volume (MPV), hematocrit (HCT), mean corpuscular hemo-
globin (MCH), platelet count (PLT), white blood cell count (WBC), and
differential white blood cell count: neutrophils (NEUT), lymphocytes
(LYM), monocytes (MON), eosinophils (EOS), and basophils (BASO)73.
The coagulation parameters (APTT, PT, TT, and Fib) were tested
through the automatic coagulation analyzer.

Histopathological examination
The mice were sacrificed and the wound skin tissues at the implanta-
tion sites were collected on the 15th and 90th day after implantation
and blank group. The tissues were sectioned according to standard
tissue analysis methods and stained with H&E and toluidine blue for
histopathological analysis to evaluate the biological safety of super-
capacitors after implantation3,79.

Data analysis
All experiments were performed at least three times (n ≥ 3) indepen-
dently, and the results were expressed as mean ± standard deviation
(SD). All statistical analyses were presented using Origin 2021 and
Image-Pro Plus software. Multiple comparisons were performed using
one-way analysis of variance (ANOVA). For all tests, *p <0.05,
**p <0.01, ***p <0.001, and ****p < 0.0001 indicate statistical sig-
nificance, ns: no significance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data were available within the article and Supplementary
information. The data that support the findings of this study are
available on request from the corresponding authors. Source data are
provided with this paper.
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