
Materials Today Bio 28 (2024) 101169

Available online 29 July 2024
2590-0064/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Blood-based biomemristor for hyperglycemia and
hyperlipidemia monitoring

Kaikai Gao a,b,c,d, Bai Sun a,b,c,d,*, Guangdong Zhou e, Zelin Cao a,b,c,d, Linbiao Xiang a,b,
Jiawei Yu a,b, Ruixin Wang a,b, Yingmin Yao a,b, Fulai Lin a,b, Zhuoqun Li a,b, Fenggang Ren a,b,
Yi Lv a,b, Qiang Lu a,b,**

a Department of Geriatric Surgery, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, Shaanxi, 710061, China
b National Local Joint Engineering Research Center for Precision Surgery and Regenerative Medicine, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an,
Shaanxi, 710061, China
c Frontier Institute of Science and Technology (FIST), Xi’an Jiaotong University, Xi’an, Shaanxi, 710049, China
d Micro-and Nano-technology Research Center, State Key Laboratory for Manufacturing Systems Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi, 710049, China
e College of Artificial Intelligence, Brain-inspired Computing & Intelligent Control of Chongqing Key Lab, Southwest University, Chongqing, 400715, China

A R T I C L E I N F O

Keywords:
Biomemristor
Miomedicine
Health monitoring
Disease diagnosis
Smart healthcare

A B S T R A C T

Thanks to its structural characteristics and signal patterns similar to those of human brain synapses, memristors
are widely believed to be applicable for neuromorphic computing. However, to our knowledge, memristors have
not been effectively applied in the biomedical field, especially in disease diagnosis and health monitoring. In this
work, a blood-based biomemristor was prepared for in vitro detection of hyperglycemia and hyperlipidemia. It
was found that the device exhibits excellent resistance switching (RS) behavior at lower voltage biases. Through
mechanism analysis, it has been confirmed that the RS behavior is driven by Ohmic conduction and ion rear-
rangement. Furthermore, the hyperglycemia and hyperlipidemia detection devices were constructed for the first
time based on memristor logic circuits, and circuit simulations were conducted. These results confirm the
feasibility of blood-based biomemristors in detecting hyperglycemia and hyperlipidemia, providing new pros-
pects for the important application of memristors in the biomedical field.

1. Introduction

With the explosive expansion and evolution of the food industry,
diets and beverages catering to people are becoming increasingly
diverse. Against the backdrop of a fast-paced lifestyle, unhealthy eating
habits, excessive intake of sugary beverages, and lack of physical activity
have contributed to a surge in the number of individuals with hyper-
glycemia (HGY) and hyperlipidemia (HLP) [1–4]. Persistent HGY and
HLP are associated with an increased risk of cardiovascular diseases,
visual impairment, and organ disorders [5,6]. Therefore, regular blood
glucose and lipids monitoring is essential for overall health and chronic
disease prevention. Nowadays, the blood glucose meters are a
commonly used self-monitoring device, allowing for real-time moni-
toring of blood glucose without the intervention of healthcare personnel
[7–9]. However, the detection of HLP still primarily relies on clinical
lipoprotein electrophoresis, and real-time monitoring of blood lipids in

vitro remains a significant challenge.
It is widely acknowledged that numerous electronic devices have

been specifically designed for clinical detection, playing a pivotal role in
advancing medical diagnostics. Consequently, an increasing number of
researchers are continuously engaged in the design, enhancement, and
optimization of electronic components to make them more suitable for
medical applications. Gao et al. fabricated a wearable biosensor on PET
capable of selectively detecting sodium and potassium ions in sweat.
This innovative device enables real-time detection and provides feed-
back in the form of electrical signals [10]. Their study stands out as a
landmark paper in the field of medical non-invasive detection devices. In
a notable contribution, Boutry et al. presented an implantable piezo-
electric transducer crafted entirely from biodegradable materials, which
exhibits remarkable sensitivity, responding to pressures as low as 12 Pa.
Its excellent biocompatibility positions it as a key player in various finely
tuned medical treatments [11]. Additionally, Xu et al. developed an
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exceptionally small hydrophilic nanoreactor on TiO2 nanotube arrays.
This device demonstrated high selectivity and sensitivity to proteins,
achieving impressive response values ranging from 2 U/L to 200 U/L for
alkaline phosphatase concentrations [12]. In the same year, Su et al.
introduced a paper-based biosensor integrated with Raman spectros-
copy. This integration enables precise diagnosis of breast cancer and the
differentiation of various exocytosis proteins in the serum of breast
cancer patients. Such advancements significantly enrich personalized
detection protocols for breast cancer today [13]. Beyond the afore-
mentioned devices, various resistors, capacitors, and transistors have
been developed for medical monitoring. Concurrently, the spectrum of
tested organisms is diversifying, encompassing blood, tissues, metabo-
lites, and hair [14–18].

As the fourth fundamental electronic component, following resistors,
capacitors, and inductors, the memristor stands out as a nonlinear
resistor with charge memory capabilities [19]. This device boasts a
compact physical size, extremely low power consumption, and
compatibility with CMOS processes [20,21]. For a long time, its appli-
cation scope has centered around information storage, logic operations,
and analog neural networks [22–26]. In recent years, the design of
memristors for use in the field of life medicine has attracted much
attention [27,28]. For example, Yan et al. reported a flexible egg
protein-based memristor for simulating neuromimetic behaviours,
including short-term plasticity and long-term plasticity [29]. Desai et al.
attempted to fabricate a memristor via trypsin hydrogel, and the device
also successfully simulated the typical neural behaviour of
spike-time-dependent plasticity [30]. However, to our knowledge, there
are currently no reports on memristors used for disease monitoring.

The unique sandwich-like structure of the memristor, where the
interstitial dielectric layer material plays a crucial role in determining
the electrical characteristics of the device, raises the question of whether
rapid response under various medical detection targets can be achieved
by utilizing the body fluids of an organism as the dielectric layer ma-
terial for the memristor. Exploring the feasibility of this concept is
crucial for broadening the application domains of memristors and
realizing medical in vitro detection, particularly for real-time detection
of HLP. In this study, we fabricated a biomemristor using blood from
healthy rats as the sole dielectric layer material. The device

demonstrates an excellent RS window at lower voltage biases (±1 V).
The RS behavior of the device is driven by Ohmic conduction and ionic
rearrangement, as indicated by further fitting the I–V curve and
modeling of charge transport. Subsequently, we modeled rats suffering
from HGY and HLP and fabricated memristors using their blood, which
exhibited different electrical properties compared to healthy blood.
Finally, it was firstly developed a device for rapid in vitro detection of
HGY and HLP based on the memristor logic circuit and successfully
conducted circuit simulations. The output of the circuit simulation
demonstrates significant differentiation between HGY/HLP and healthy
blood.

These results are exciting and expand the application of memristors
in life sciences. This study underscores the compatibility of memristors
with logic circuits and highlights their potential in medical monitoring.
Notably, it provides a personalized in vitro solution for HLP detection
with significant commercial viability. Furthermore, this work inspires
further exploration of the memristor-based smart medical solutions.

2. Results and discussion

A typical memristor with an Ag/Blood/Ti/Glass structure is re-
ported. The major fabrication process is illustrated in Fig. 1a. Initially,
blood was collected from the jugular vein of a healthy rat and subse-
quently spin-coated onto Ti/Glass substrates. Following the natural
coagulation of the blood, Ag electrodes were sputtered onto the blood
film layer using magnetron sputtering, completing the fabrication of the
device. During electrical characterization tests, a voltage bias sequence
was applied to the top electrode (Ag), while the bottom electrode (Ti)
remained grounded [31]. A photograph of the fabricated device and a
model of the double-ended structure are provided (Fig. S1). Fig. 1b
presents the cross-sectional morphology of the device, whereby it can be
shown that the film thickness of the blood dielectric layer is about 2 μm
and the thickness of the Ti electrode is about 200 nm. To analyze the
chemical composition and distribution of the blood dielectric layer, EDS
(Fig. 1c–g) and FT-IR (Fig. S2) tests were performed. The EDS mapping
indicates the predominant presence of elements such as Na, Mg, K, and
Ca in the dielectric layer, with the inset providing a planar area scanned
for the dielectric layer (scale 10 μm). In addition, the FT-IR spectra show

Fig. 1. Device fabrication and structural characterization. (a) Flowchart for the fabrication of the memristor with an Ag/Blood/Ti/Glass structure. (b) Device cross-
section structure. (c) Device plane EDS analysis. The inset image shows the scanned area. (d–g) Distribution of different elements under the EDS test.
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strong absorption peaks near 3306 cm− 1 (corresponding to C–H
stretching vibration), 1653-1542 cm− 1 (corresponding to C=C stretch-
ing vibration) and 621 cm− 1 (corresponding to C–H bending vibration),
which corresponds to various types of biomolecules in the cell, including
sugars, lipids and proteins [32,33]. Thus, the dielectric layer is identified
as a blood film, with no other impurities observed.

In the initial phase, the biomemristor with an Ag/Blood/ITO struc-
ture was fabricated by directly spin-coating fresh blood from healthy
rats onto ITO substrates. The fabrication process and electrical charac-
terization of the device are illustrated in Fig. S3. Surprisingly, during
electrical characterization, the device exhibited extremely stable RS
behavior and endured up to 500 cycles. While this result is encouraging,
concerns arose regarding the potential impact of the indium tin oxide
coating on the commercially available ITO substrate on the test results
[34,35]. Consequently, the substrate was changed to Ti/Glass while
maintaining a consistent device fabrication process. Fig. 2a illustrates
the electrical characteristics of the Ag/Blood/Ti/Glass-structure mem-
ristor, with the sequence of voltage biases (0 V → 1 V → − 1 V → 0 V)
applied to the device shown in the inset. This device continues to exhibit
excellent RS behavior at lower voltage biases. Subsequently, the I–V
characteristic curves on a semi-logarithmic scale are plotted as depicted
in Fig. 2b, indicating the volatile RS properties of the fabricated devices.
To explore the repeatability of RS, the corresponding low and high
resistance states (LRS and HRS) at a voltage bias of 0.5 V were extracted
(Fig. 2c). As the number of cycles increases, the LRS remains in a steady
state, while the HRS, despite experiencing some fluctuations, remains
distinguishable from the LRS, with an HRS/LRS ratio of 101. The sta-
bility and reliability of RS characteristics are maintained. Furthermore,
the distributions of HRS and LRS of the devices are tabulated in Fig. 2d,
with the curves representing Gaussian fitting results. It can be concluded
that the LRS of the device is predominantly concentrated at 235 Ω, while
the HRS is primarily concentrated at 2350 Ω. This outcome is desirable,
as the higher discrimination between the LRS and HRS suggests lower
misreading rate for this device in practical storage and computing ap-
plications [31,36].

To comprehensively investigate the impact of different voltage bia-
ses on the electrical characteristics of the device, various voltage bias
sequences were applied to the top electrode (Ag). When the sequence 0
V → 0.5 V → − 0.5 V → 0 V was applied, the device failed to exhibit RS
behavior (Fig. S4). This failure could be attributed to the insufficient
lower voltage bias, which did not provide the necessary potential energy
for ion migration in the dielectric layer. Consequently, the various ions
in the blood dielectric layer maintained their initial distribution, failing
to induce a significant change in the resistance value. Conversely, when
a larger voltage bias sequence (0 V → 1.5 V → − 1.5 V → 0 V) was applied
to Ag, the RS window of the device in the negative voltage region
decreased compared to that observed in Fig. 2a, while the positive
voltage region continued to exhibit better RS behavior (Fig. 2e). The I–V
characteristic curves presented in Fig. 2f under a semi-logarithmic scale
also support this observation. This asymmetry could potentially be
attributed to the enhanced ionization process of Ag under high voltage
bias and its continued incorporation into the dielectric layer, resulting in
a change in the resistive state of the device [37]. Notably, considering
blood as an unconventional memristor dielectric material, elucidating
its RS mechanism is imperative, which will be the focus of the subse-
quent discussion.

Fig. 3a shows the I–V characteristic curves for the 1st and 50th turns
of the Ag/Blood/Ti/Glass-structure memristor under a fixed voltage bias
sequence (0 V → 1 V → − 1 V → 0 V), with the arrows indicating the
order of charge flow. Initially, the device is maintained at LRS, and as
the voltage is incremented from 0 to 1 V, an abrupt decrease in the
current value occurs near 1 V, corresponding to the switching of the
device to HRS and RESET. Subsequently, the device switches from HRS
formation to LRS near − 0.5 to − 1 V, corresponding to the SET process.
The alternation of the RESET and SET processes repeatedly gives the
device its typical switching characteristics [38]. Further insights into the
principles governing LRS and HRS switching are attained through
additional fitting of I–V characteristic curves and modeling of charge
transport. The log|I| - log|V| curves of the fabricated devices in the
positive voltage region are depicted in Fig. 3b. The slopes of the curve fit

Fig. 2. Electrical characteristics of memristor with an Ag/Blood/Ti/Glass structure. (a) A typical I–V curve of the device. The inset shows the voltage bias parameters
applied to the device: 0 V → 1 V → − 1 V → 0 V. (b) I–V curve in the semi-log scale. (c) Endurance test of the resistance switching for 50 cycles. (d) Frequency
distribution of LRS and HRS. (e–f) Electrical characteristics of the device at 0 V → 1.5 V → − 1.5 V → 0 V voltage bias.
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are 0.999 and 0.997 for the two phases where the voltage increases from
0 to 1 V and decreases from 1 to 0 V, respectively, closely approximating
1. These findings indicate that the charge transfer behavior of the device
in the positive voltage bias region predominantly adheres to ohmic
conduction [39,40], corresponding to equations (1) and (2).

IOhmic = qμNCV exp
(
−
(
Ec − Ef

)

kT

)

(1)

I∝V exp
(
− ΔEx

kT

)

(2)

where μ and Nc represent the electron mobility and conduction band
effective density, respectively. ΔEx (Ec-Ef) is the activation energy of
electrons. Simply put if the charge transfer process satisfies I ∝ V (slop ~
1), it is attributable to ohmic conduction. Interestingly, when we further
fit the log|I| - log|V| curve in the negative voltage region of the device,
the fitting results still satisfy the ohmic conduction (Fig. 3c). It can be
seen that the electrical properties of memristors fabricated based on
blood are mainly driven by ohmic conduction.

Memristors exhibit signaling akin to synaptic connections between
neurons in the human brain [41,42]. From a synaptic perspective
(Fig. 3d), multiple neurons act as a bridge for signal transmission during
the process of stimulus generation and recognition by the human brain
[43]. Initially, the preceding neuron receives the stimulus, generating an
action potential that triggers the release of neurotransmitters into the
synaptic gap. Subsequently, appropriately shaped and structured neu-
rotransmitters are received by the nest neuron, which in turn transmits
the stimulus [44]. Viewing the phenomenon from the perspective of the
blood memory blocker (Fig. 3e), the presence of a large number of Na+,
K+, Ca2+, Cl− , etc., in the blood keeps the initial state of the top and
bottom electrodes connected, allowing the device to exhibit LRS. After
applying a positive voltage bias, the Ag at the top electrode is oxidized
and releases Ag+ into the dielectric layer, and then moves to the bottom
electrode and is reduced to Ag. The continuous buildup of Ag breaks the
initial ionic arrangement in the dielectric layer, causing the on-state to

be interrupted, and the device switches to the HRS. When the voltage
bias is reversed, the stacked Ag undergoes oxidation to Ag+ followed by
its reduction to Ag at the top electrode. This process restores the ionic
arrangement in the blood to its initial state, causing the device to
transition back to the LRS. The redox equations involved in the top
electrode Ag throughout the voltage bias sequence are shown in Eqs (3)
and (4), respectively [45].

Ag→Ag+ e− (3)

Ag+ + e− →Ag (4)

The top electrode Ag is first oxidized to Ag+ and then moves to the
bottom electrode driven by the electric field force to be reduced to Ag.

The relative levels of various biomolecules in the blood can serve as
indicators of the organism’s health status [46]. In the medical field,
analyzing the concentration of each component in collected blood can
help determine the presence of diseases [47]. Additionally, the electrical
characteristics of a memristor are primarily influenced by the compo-
sition of the dielectric layer [48]. Motivated by these observations, we
endeavored to collect fresh blood from rats with conditions such as HGY
and HLP to fabricate memristors. We aimed to investigate whether the
devices fabricated from such blood samples would exhibit electrical
characteristics distinct from those of memristors fabricated using
healthy blood. These rats were procured from the Affiliated Hospital of
Xi’an Jiaotong University. Fig. 4a depicts the process of establishing the
HGY and HLP rat models, with specific methodologies detailed in the
experimental section of this study. Here, the memristor fabricated from
healthy rat blood was used as a control (labeled control-memristor). The
I–V characterization curves of Control-, HGY-, and HLP-memristors are
shown in Fig. 4b. Unlike the RS behavior observed in the
control-memristor, the HGY- and HLP-memristor did not exhibit a sig-
nificant RS window. The possible reason for this is that the excessive
blood glucose and lipid concentrations in the blood severely interfered
with the ionic rearrangement during the charge transfer process in the
device. Under the same voltage bias (0 V → 1.5 V → − 1.5 V → 0 V), the
main difference between the I–V characteristic curves of the

Fig. 3. Resistance switching mechanism of the blood memristor with an Ag/Blood/Ti/Glass structure. (a) The typical I–V curve of the device at the first and 50th
revolutions. (b) Fitting results for stages 1 and 2 in Fig. 4a. (c) Fitting results for stages 3 and 4 in Fig. 4a. (d) Brief sketch of the signal conduction between neurons.
(e) Formation and breakage of conductive filament during LRS and HRS switching.
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HGY-memristor and the HLP-memristor lies in their peak currents,
which reach approximately 0.02 mA and 3.83 mA, respectively
(Fig. 4b).

To further investigate the effects of different voltage biases on the

electrical characteristics of HGY- and HLP-memristors, we applied
voltage biases of ±1, ±1.5, ±2, ±2.5, and ±3 V to the top electrode of
the device, as illustrated in Fig. 4c and d, respectively. The results
indicate that the current output of the HGY-memristor fluctuates greatly

Fig. 4. Electrical characterization of HGY-, HLP-memristors. (a) Modeling of HGY and HLP rats. (b) I–V characterization curves based on control-, HGY- and HLP-
memristors, which correspond to blue, red and green, respectively. (c, d) Effect of different voltage biases on the electrical characteristics of HGY- and HLP-
memristor. (e, f) Device resistance value response to peak voltage.

Fig. 5. A flexible in vitro HGY and HLP monitoring device. (a) Schematic diagram of the equivalent circuit of a memristor. (b) Circuit diagrams of monitoring device.
(c) Endurance test of the control-, HGY- and HLP-blood memristors. (d) Structure schematic diagram of the monitoring device. (e) Circuit simulation results for HGY
and HLP models.
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with increasing applied voltage bias, whereas the current output of the
HLP-memristor remains relatively stable across different voltage biases.
Fig. 4e and f depict the resistance value responses of HGY- and HLP-
memristors at various voltage amplitudes, respectively. The resistance
signal of the HGY group exhibited an initial increase followed by a
decrease, showing a clear inflection point during the continuous in-
crease of the peak voltage from 1 to 3 V. Conversely, the resistance value
of the HLP group exhibited a consistent decrease with the continuous
increase in peak voltage from 1 to 3 V. On the other hand, the resistance
of HGY-memristor was consistently higher than that of HLP-memristor.
The reason for this may be that the modelling process of HGY rats is
usually accompanied by the appearance of HLP, which manifests itself in
higher blood lipid levels, and the higher resistance level may be a result
of the combined effect of high blood glucose and lipids, as shown in
Table S2. Hence, based on these characteristics, the HGY and HLP blood
groups were largely distinguished. In the future, conducting a large
number of clinical tests will be necessary to establish a more compre-
hensive standard for HGY and HLP monitoring.

Nowadays, blood glucose in vitro detection devices have become
mature, allowing people to measure their blood glucose levels anytime
and anywhere [7–9,49]. However, in vitro detection of high blood lipids
remains unrealized. This study proposes a promising device designed for
in vitro detection of blood lipids, based on a blood memristor and a logic
circuit. In Fig. 5a, the equivalent symbol of a memristor in a circuit is
shown, with the thick black line segment denoting the positive direction
of the device. When the current flows in the positive direction, the de-
vice behaves as LRS, and vice versa as HRS. Leveraging this property,
various types of logic gate circuits, such as OR and AND gates, can be
constructed based on the fabricated memristor for promising applica-
tions [50–52]. Fig. 5b illustrates the circuit diagram of the device
designed in this study for in vitro detection of HGY and HLP. It’s note-
worthy that the inputs and outputs are voltage, with the input voltages
fixed (V1 = 1 V, V2 = 0.1 V). A voltage sensor is employed to connect
with a memristor for real-time feedback of the voltage signal output
from the circuit. The circuit simulation results of the conventional OR
and AND logic gates align with the truth table (Figs. S5 and S6), vali-
dating the proper functioning of the designed monitoring devices.

Fig. 5c illustrates the stability data of control, HGY, and HLP mem-
ristors within 50 cycles. The LRS and HRS of the control and HLP groups
are clearly differentiated; however, the LRS and HRS of the HGY group
display a staggered distribution. Our proposed HGY and HLP detection
device primarily comprises a power supply, a single OR logic gate, and a
voltage sensor, as depicted in Fig. 5d. Furthermore, we configured the
parameters of the memristor in the constructed circuit based on the data
in Fig. 5c. Considering the non-idealities and constraints of the device
[53], the control, HGY, and HLP groups were randomly selected 10
times each, corresponding to 10 circuit simulations. The resultant circuit
simulation data are presented as a line graph in Fig. 5e. As the number of
simulations increases, the control and HLP groups exhibit stable per-
formance, albeit with differences in voltage output signal levels. The
voltage output signal is approximately 0.55 V for the HLP group and
around 0.92 V for the control group. This discrepancy arises from the
fact that the control-blood memristor possesses a larger HRS/LRS ratio
than the HLP-memristor, leading to a higher voltage threshold in the
logic circuits. Additionally, the HGY group demonstrates significant
fluctuations with an increasing number of simulations, primarily due to
the interleaved distribution of the LRS and HRS of the HGY-memristor,
resulting in the switching of OR and AND logic gates in the logic circuit.
Overall, the designed monitoring device effectively accomplishes the in
vitro detection of control, HGY, and HLP. Moving forward, it will be
essential to expand the sample size to enrich the device database and
facilitate the establishment of more robust monitoring standards, which
will be the focus of our future study.

3. Conclusions

In conclusion, unconventional material (blood) was employed as the
dielectric layer in memristor and the biomemristor with an Ag/Blood/
Ti/Glass structure was fabricated. Notably, this device exhibits signifi-
cant RS characteristics at lower voltage biases (0 V → 1 V → − 1 V → 0
V). The observed RS phenomenon is primarily attributed to a charge
conduction mode driven by Ohmic conduction and ionic rearrangement.
Subsequently, we extended our investigation to include memristors
fabricated using blood from rats with HGY and HLP, revealing distinct
electrical characteristics compared to memristors derived from healthy
rat blood. Importantly, we introduce a novel device incorporating a
blood memristor logic circuit, with potential applications in the in vitro
detection of HGY and HLP. The device comprises a power supply, a
blood memristor, and a voltage sensor. Circuit simulation results vali-
date the effectiveness of this detection device in distinguishing normal
blood, HGY blood, and HLP blood. These results make memristors
compatible with logic circuits and medical in vitro monitoring, broad-
ening the path for memristor-based biomedical applications.

4. Experiment and methods

4.1. Blood collection

Collection of fresh blood from rats. A large, healthy rat was pre-
selected and anesthetized. Then, the hair on the neck was clipped, fol-
lowed by stabbing along the jugular vein in a parallel direction using a
hypodermic needle to extract an appropriate amount of fresh blood. The
above blood collection process was carried out on an ultra-clean bench.
The rat HGY model was established using excess high glucose chow
feeding combined with STZ intraperitoneal injections (small amount
and multiple times). The HLP rat model was established through
continuous feeding of high-fat chow. All rats were obtained from the
First Affiliated Hospital of Xi’an Jiaotong University. The final blood
glucose and lipid levels in blood samples from the different rat models
are presented in Table S2. All animals received humane care and the
study protocolscomply with the quidelines of animal care in experiments
of the First Affiliated Hospital of Xi’an Jiaotong University.

4.2. Device fabrication

In this study, the biomemristor with Ag/Blood/ITO structure
(Fig. S3) was first fabricated using a typical double-ended structure.
Specifically, we first dropped 100 μL of fresh blood onto a commercially
available ITO substrate (2× 2 cm, bottom electrode), and then the blood
was applied to the substrate by spin-coating (500 rpm, 10 s). After the
blood was naturally coagulated, metallic silver (Ag) sputtered on the
blood film using a magnetron sputtering apparatus was used as the top
electrode of the device. The essential sputtering parameters included a
chamber pressure of 1.2 pa, a DC voltage of 70 W, 15 min and a sample
tray speed of 3 rpm. Here, a typical Ag/Blood/ITO-structure memristor
was fabricated. Considering the possible influence of the indium tin
oxide coating on the surface of the ito substrate on the experimental
results, we only replaced the substrate of the blood memristor with a
glass sheet sputtered with titanium metal (Ti), while ensuring the con-
sistency of other processes. Similarly, the sputtering process parameters
for Ti mainly include a chamber pressure of 1.2 pa, a DC voltage of 70 w
for 20 min, and a sample tray rotation speed of 3 rpm, whereby a typical
Ag/Blood/Ti/Glass-structure memristor was fabricated. In addition, the
HLP model was established based on continuous feeding of excess high-
fat chow. The method of blood collection was kept consistent with that
of healthy rats. In addition, we have fabricated memristors based on the
blood of rats with HGY and HLP diseases, which were labeled as HGY-
memristor and HLP-memristor, respectively. These devices also follow
the same fabrication process as described above.

K. Gao et al.
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4.3. Device characterization

The electrical characteristics of the devices were tested using an
electrochemical workstation equipped with a source meter (B2901B,
Keysight, Beijing, China). The cross-sectional morphology of the mem-
ristor with Ag/Blood/Ti/Glass structure was observed by SEM. The
chemical composition of the blood in the dielectric layer of the device
was analyzed by EDS and FT-IR (Fig. S2). Finally, the construction and
simulation of the blood memristor-based logic circuit was realized
through the Simulink unit in MATLAB. The input and output of the
circuit were voltage signals, where the input voltages were fixed at 0.1 V
and 1 V respectively.
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