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Abstract

Cortical electrodes are a powerful tool for the stimulation and/or recording of electrical activity in the nervous system.
However, the inevitable wound caused by surgical implantation of electrodes presents bacterial infection and inflammatory
reaction risks associated with foreign body exposure. Moreover, inflammation of the wound area can dramatically worsen
in response to bacterial infection. These consequences can not only lead to the failure of cortical electrode implantation but
also threaten the lives of patients. Herein, we prepared a hydrogel made of bacterial cellulose (BC), a flexible substrate for
cortical electrodes, and further loaded antibiotic tetracycline (TC) and the anti-inflammatory drug dexamethasone (DEX)
onto it. The encapsulated drugs can be released from the BC hydrogel and effectively inhibit the growth of Gram-negative
and Gram-positive bacteria. Next, therapeutic cortical electrodes were developed by integrating the drug-loaded BC hydrogel
and nine-channel serpentine arrays; these were used to record electrocorticography (ECoG) signals in a rat model. Due to the
controlled release of TC and DEX from the BC hydrogel substrate, therapeutic cortical electrodes can alleviate or prevent
symptoms associated with the bacterial infection and inflammation of brain tissue. This approach facilitates the development
of drug delivery electrodes for resolving complications caused by implantable electrodes.
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Introduction

Cortical electrodes are important tools for neuroscience
research, since they enable the recording of brain activity
[1, 2], stimulate neural networks [3, 4], and work in tan-
dem with optogenetics [5]. In general, cortical electrodes
must facilitate the stable recording of neural signals in the
body over time. However, cortical electrodes, since they are
implantable foreign bodies, are also known to trigger inflam-
matory reactions [6—8]. Moreover, the wounds caused by
surgical implantation of electrodes are associated with a risk
of bacterial infection [7], and some estimates of surgical
site infection rates are as high as 20%. Bacterial infec-
tions can also further exacerbate inflammatory reactions,
thereby inducing swelling and loss of function of the tissue.
Taken together, these consequences can erode the quality and
bandwidth of signals across the body—electrode interface.
Moreover, once a craniocerebral infection occurs, electrodes
need to be removed to avoid secondary injury, resulting in
failed implantation [8].

Flexible cortical electrodes (usually composed of poly-
imide (PI), polycarbonate (PC), or a polydimethylsiloxane
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(PDMS)-based insulating substrate) have recently become
an attractive alternative to conventional rigid electrodes [9,
10]. However, given the intrinsic dissimilarities between soft,
wet, and living biological tissues and impermeable, dry, and
synthetic substrate materials [11], these electrodes may not
fully conform to three-dimensional (3D) neural tissues since
they can trigger immune responses, gliosis, and neuronal
degeneration after implantation [12, 13]. Therefore, there
is a critical need to develop conformal cortical electrodes
that show a higher degree of compatibility with soft brain
tissue. Since they are natural materials, bacterial cellulose
(BC) hydrogels have mechanical properties that are simi-
lar to biological tissues. This is because they have a porous
structure that contains a large percentage of water, which
resembles the structure of the tissue extracellular matrix [14].
BC hydrogels also have outstanding properties regarding
softness, surface porosity, optical transparency, and biocom-
patibility, and therefore have been widely used in biomedical
engineering [15, 16], drug delivery [17, 18], and functional
electric devices [19, 20].
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To develop antibacterial and anti-inflammatory cortical
electrodes, we prepared a functional BC hydrogel by load-
ing tetracycline (TC) [21, 22] and dexamethasone (DEX) [23,
24] into the hydrogel itself. TC is an antibiotic used to treat
and prevent infectious disease and has a wide antibacterial
spectrum against Gram-positive and Gram-negative bacte-
ria, including spirochetes, actinomycetes, and mycoplasma.
DEX is a corticosteroid that can significantly inhibit the
foreign body response, thereby reducing the inflammatory
reaction. The encapsulation and controlled release of drugs
by the BC hydrogel are regulated by the porous network
formed by the close-packing of cellulose, which generates
a structure with pore diameters in the 10-100 nm range
[25, 26]. Therapeutic cortical electrodes were then developed
by integrating drug-loaded BC hydrogel with serpentine-
shaped Parylene-C arrays; these were then used for recording
high-resolution electrocorticography (ECoG) signals in a
rat model. Therapeutic cortical electrodes with serpentine
structures that consist of both periodic arcs and straight seg-
ments can offer high levels of stretchability that can facilitate
electrode application. Moreover, because of the controlled
release of TC and DEX from the BC hydrogel substrate, it
is hoped that the use of therapeutic cortical electrodes can
greatly alleviate bacterial infection and inflammation. These
results demonstrate the potential of therapeutic cortical elec-
trodes for resolving the complications caused by implantable
neural electrodes.

Materials and methods
Materials

BC was purchased from Hainan Yide Food Co., Ltd. (China).
TC and DEX were purchased from Shanghai Titan Tech-
nology Co., Ltd. (China). Phosphate-buffered saline (PBS)
was purchased from Beijing Solarbio Science & Technol-
ogy Co., Ltd. (China). Artificial cerebrospinal fluid (ACSF)
was purchased from Shanghai Yuanye Biotechnology Co.,
Ltd. (China). Ecoflex gel, which cures at room temperature
(73 °F/23 °C) and shows negligible shrinkage, was purchased
from Smooth-On, Inc. (USA).

Methods
Preparation of drug-loaded BC hydrogels

The BC hydrogel used here is produced by the fermenta-
tion of Acetobacter xylinum (ATCC53582). It has a purity
of >95% and a solid content of approximately 15%. We first
cut the untreated BC hydrogel into 5 cmx5 cm squares, and
then added them to a 0.1 mol/L sodium hydroxide solution.
This was boiled at 100 °C for 15 min to remove attached cell

fragments and culture medium components. The hydrogel
was then transferred into deionized water at room tempera-
ture until the solution was no longer alkaline. Finally, the BC
hydrogel was dried in a drying oven at 45 °C for 24 h and
then stored in a drying cabinet.

Next, we prepared a solution containing a mixture of dif-
ferent concentrations of TC and DEX dissolved in ethanol.
Specifically, we generated solutions in which the concentra-
tion of DEX was 5 mg/mL and the concentration of TC was
1, 2, or 3 mg/mL. The pretreated BC was then immersed in
one of the above three concentration solutions and mixed by
stirring in the dark for 24 h for drug loading. Residual drug
on the BC surface was then quickly washed with ethanol,
and drug-loaded hydrogels were then dried in a drying oven
at 45 °C. After drying, loaded hydrogels were stored in a
refrigerator at 4 °C in the dark for later use. We named the
drug-loaded BC hydrogels BC-DEX/TC-1, BC-DEX/TC-2,
and BC-DEX/TC-3 based on the concentration of TC present
in the mixed solution.

Preparation of conformal therapeutic cortical electrodes

Next, nine-channel serpentine arrays were fabricated using
micro electro mechanical system (MEMS) processes. The
main fabrication processes involved were as follows. First, a
four-inch silicon wafer was rinsed using the standard Radio
Corporation of America (RCA) cleaning method, which was
released in 1970 by Kern and Puotincn of RCA. A 300-nm-
thick aluminum (Al) sacrificial layer was evaporated on the
wafer using electron beam evaporation coating equipment
(WF1DEGNO1, Denton, USA), which facilitates the release
of flexible electrodes from the wafer. A 3-pum-thick Parylene-
C layer was deposited by chemical vapor (PDS2010 system,
Specialty Coating Systems, USA), and a 200-nm-thick layer
of Au was subsequently sputtered by a magnetron sputtering
coating system (WF1DMSPO1, Denton, USA). The serpen-
tine pattern of the Au layer was first photolithographed, and
then a layer of Parylene-C was deposited. Reactive ion etch-
ing was then used to remove Parylene-C from excess and
electrode sites. The retained patterned Parylene-C was then
used as the encapsulation layer of the serpentine Au layer to
complete electrode preparation.

To release the arrays from the wafer, the wafer was first
covered by three layers of airlaid paper and a four-inch glass
wafer, and two clips were used to clamp the stacked wafers
along their edges. These were then immersed in 20% HCI
solution for 24 h to finish the slow process of metal sacri-
fice (Al), and then rinsed in deionized water before being
fully dried for 2 h in a 100 °C oven while in the clamping
state. After releasing the clips, water-soluble adhesive tape
(polyvinyl alcohol, PVA, Aquasol, North Tonawanda, USA)
was used to easily retrieve the Parylene-C electrodes from
the silicon wafer.
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Finally, the nine-channel arrays were transferred to BC
and BC-DEX/TC-2 hydrogels coated with Ecoflex gel. The
Ecoflex gel was then cured at room temperature to bond the
electrode arrays to the BC or BC-DEX/TC-2 hydrogel. The
electrodes were then soaked in water to remove water-soluble
tape and expose the electrode site. The electrode pad and wire
were then connected by a hot press to complete the prepara-
tion of BC- and BC-DEX/TC-2-based cortical electrodes.

Morphology characterization

We observed the surface morphology of natural raw BC and
drug-loaded BC (i.e., BC-DEX/TC-1, BC-DEX/TC-2, and
BC-DEX/TC-3) hydrogels via scanning electron microscopy
(SEM, Gemini 300, ZEISS, Germany). Here all samples
were first prepared by freeze-drying. We used atomic force
microscopy (AFM, Dimension Icon, Bruker, USA) in the
standard tapping mode to measure the surface roughness of
BC and drug-loaded BC hydrogels.

Fourier transform infrared spectroscopy

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy (Tensor II, Bruker, USA) was performed
in transmission mode with a scan range of 400-4000 cm ™!

and a resolution of 4 cm™!.

Element analysis

Since N is an element specific to TC and F is an element
specific to DEX, we confirmed whether the drug was loaded
in BC hydrogel by X-ray photoelectron spectroscopy (XPS)
(Kratos AXIS Ultra DLD, KRATOS, Japan). The binding
energy was calibrated by setting the C 1s peak at 284.6 eV.
An energy-dispersive spectrometer (EDS) was used to ana-
lyze whether the encapsulated drug was evenly distributed
throughout the BC hydrogel.

Average loading density of TC and DEX in the drug-loaded
BC hydrogels

Since TC and DEX can be dissolved in ethanol, the quantity
of TC and DEX loaded in the functionalized BC hydrogel was
determined by immersing functionalized BC hydrogels (1 cm
x 1 cm) in 2000 L ethanol under shaking at 37 °C at a speed
of 100 r/min. During release experiments, 500 wL aliquots
of the release solution was pipetted out at 12-h intervals, and
500 WL fresh ethanol was then added to the release sam-
ples. Since TC and DEX present in the functionalized BC
hydrogel could be completely dissolved in ethanol, the equi-
librium cumulative release amount is the loading capacity
of TC and DEX loaded onto the BC hydrogel. Accord-
ingly, the absorbances of TC and DEX were measured in
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the wavelength range from 200 to 450 nm using an ultravio-
let—visible (UV—-Vis) spectrophotometer (U-3900H, Hitachi,
Japan). The experiment was carried out using five or more
technical replicates.

Water contact angle analysis

The wettability of the BC, BC-DEX/TC-1, BC-DEX/TC-2,
and BC-DEX/TC-3 hydrogels was evaluated using a water
contact angle analysis system (DSA25, KRUSS, Germany).
All measurements were performed using deionized water
with a drop size of 2 pL. To improve testing reliability, three
to five technical replicates were obtained for each sample.

Thermogravimetric analysis

We performed thermogravimetric analysis (TGA) measure-
ments for both raw BC and drug-loaded BC hydrogels using
a Pyris 1 thermogravimetric analyzer (PerkinElmer Instru-
ments, China). Hydrogel degradation was investigated over
arange from 25 to 600 °C at a heating rate of 10 °C/min.

In vitro drug-release testing

Next, in vitro drug-release testing was performed by immers-
ing functionalized BC hydrogels (1 cmx1 cm) in 1000 pL
PBS or ACSF and shaking at 37 °C at a speed of 100 r/min.
During release experiments, 500 L aliquots of release solu-
tion was obtained after 0.5, 1, 2,4, 8, 12, 24, 36,48, and 72 h,
and 500 wL PBS or ACSF was then added to release sam-
ples. The TC and DEX contents were then measured using
the method mentioned above.

In vitro antimicrobial performance of the drug-loaded BC
hydrogel

Standard agar plating method Original bacterial (i.e.,
Staphylococcus aureus (S. aureus) or Escherichia coli (E.
coli)) solutions were diluted with Mueller—Hinton broth
(MHB) to a concentration of 1x 107 CFU/mL (CFU: colony-
forming units). Prepared dry BC, BC-DEX/TC-1, BC-
DEX/TC-2, and BC-DEX/TC-3 hydrogel squares of 1 cmx
1 cm were then placed into sterile 24-well plates. Three tech-
nical replicates were used for each material, and no sample in
the well plate was used as a control group. Bacterial droplets
(50 L) were then added to the sample surface and incubated
at 37 °C at a humidity of approximately 90% for 4 h. Next,
450 pL PBS buffer solution was added to resuspend bac-
teria on the sample surface. Well plates containing samples
were then treated ultrasonically for 3 min so that bacteria that
adhered to the surface of the hydrogel could be resuspended
in PBS. Next, 100 L of the resuspended solution was trans-
ferred to new 96-well plates for tenfold gradient dilution.
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Diluted bacterial solution (50 L) was then inoculated onto
an agar plate, and CFUs were counted after incubation at
37 °C overnight. The antimicrobial reduction formula is as
follows:

. Cell count of control
log Reduction = log

Survivor count on sample

In addition, 50 WL of the suspension after 1000-fold dilu-
tion was spread on the agar plate and incubated at 37 °C for
16 h.

Bacterial morphology Bacteria (1x107 CFU/mL) were
inoculated on 1 cmx 1 cm squares of dry BC, BC-DEX/TC-
1, BC-DEX/TC-2, and BC-DEX/TC-3 hydrogels, and then
incubated at 37 °C for 4 h. Samples were then fixed with
4% paraformaldehyde for 1 h and subsequently dehydrated
using gradient ethanol solutions. Finally, dried samples were
coated with gold before SEM observation.

In vitro biological safety testing

The in vitro biological safety of BC and BC-DEX/TC-2
hydrogels was evaluated using cell viability and hemocom-
patibility tests. These processes are described as follows:

Cell viability testing NIH 3T3 cells were first seeded at a
density of 10,000 per well in a well plate, and then incu-
bated at 37 °C with 5% CO,. After 24 h, cells that adhered
to the plate wall were observed under a microscope. Next,
the cell culture medium (which contained Dulbecco’s mod-
ified eagle medium (DMEM), newborn calf serum (NBCS),
penicillin sulfate, and streptomycin) was aspirated, and BC
and BC-DEX/TC-2 hydrogels were placed onto a plate. After
that, 500 WL of cell culture medium was added to each well
and incubated at 37 °C with 5% CO, to allow the material to
interact with the cells. After 24 h, the culture medium of each
well was aspirated, and the BC and BC-DEX/TC-2 hydro-
gels were removed. The residual medium in the cell plate
was then washed with PBS. A detection reagent contain-
ing Alamar Blue diluted with cell culture medium (volume
fraction: 1/9) was then added to the plate. After incubation
for 4-6 h in a dark environment, 100 wL of detection reagent
was transferred to a new 96-well plate. The fluorescence den-
sity value of each sample at 590 nm was measured using a
BioTek Synergy Neo2 system. The formula used to calculate
cell viability was as follows:

F, expt.

Cell viability = x 100%,

ctrl.

where Fexpt. represents the fluorescence density of the hydro-
gels and Fy. represents the fluorescence density of the
control group (i.e., the cell culture medium).

In addition, after each sample was incubated with NIH 3T3
for 1 d, the live—dead cell staining reagent was added and co-
incubated with the sample for another 20 min. Cell survival
status was then observed by fluorescence microscopy (EVOS
FL Auto 2, Thermal Fisher Scientific, USA).

Hemocompatibility testing Here, we measured the hemol-
ysis activity of the samples using fresh New Zealand rabbit
blood. Briefly, I cmx 1 cm squares of BC and BC-DEX/TC-
2 hydrogels were first transferred into Eppendorf (EP) tubes.
Tris-NaCl buffer was then set as a negative control and 0.1%
(volume fraction) Triton X-100 was set as a positive control.
Next, 500 L of an erythrocyte suspension was added to each
EP tube and incubated at 37 °C for 1 h. Sample absorbance
at 540 nm was then measured using a UV-Vis spectropho-
tometer. The formula used to calculate the hemolytic ratio is
as follows:

Asample - Anegative

Hemolytic ratio = x 100%,

Apositive - Anegative

where Agample i the absorbance of the groups treated with BC
and BC-DEX/TC-2, Apositive and Apegative are the absorbances
of the positive (i.e., 0.1% Triton X-100) and the negative (i.e.,
Tris-NaCl buffer) controls, respectively.

Animal experiments

In this study, a Sprague—Dawley male rat (290 g) was anes-
thetized with isoflurane and fixed in a stereotaxic frame. A
rectangular craniotomy was performed using a surgical drill,
and the bone flap was separated with a microdissector, leav-
ing the cerebral dura mater exposed. A cranial window of
approximately 4 mmx3 mm in size was made by exposing
the area across the somatomotor and somatosensory cortices.
A stainless-steel screw electrode was then implanted in the
drill holes, with a reference position placed in the cerebel-
lum, which exhibits lower activity than other brain sites. S.
aureus (10 pL) solution (1 x 107 CFU/mL) was then inocu-
lated onto the BC-based and BC-DEX/TC-2-based cortical
electrodes. The BC-based and BC-DEX/TC-2-based elec-
trodes were closely adhered to the left and right cortical
surfaces of the rat brain to record the ECoG signals, respec-
tively. ECoG signals from nine channels were then amplified
and digitized at a sampling rate of 1 kHz using a multichan-
nel acquisition processor (Plexon Inc., USA). All data were
processed using an EEGLAB package with a frequency pass
band of 0.5-200 Hz.

In vivo antibacterial testing

After electrode implantation for 3 d, the rat was anesthetized
by intraperitoneal injection of pelltobarbitalum Natricum
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(100 mg/kg) and then perfused transcardially with 4%
paraformaldehyde in PBS. After removal of the skin and
skull, a part of the brain was fixed in 4% formaldehyde
overnight before being sectioned into 100-pm-thick sections
for subsequent histological analysis. The part of the brain tis-
sue that was in contact with the electrodes was removed and
ultrasonically cleaned in 1 mL PBS for 30 min, and then a
solution containing PBS and bacteria was inoculated on agar
plates. These plates were then incubated at 37 °C for 24 h to
count the number of colonies.

Immunofluorescence staining

For immunofluorescence staining, sections were stained with
neuronal nuclei antigen (NeuN) for neurons, glial fibrillary
acidic protein (GFAP) for astrocytes, and 4’,6-diamidino-2-
phenylindole (DAPI) for nuclei. Subsequently, sections were
observed with laser confocal microscopy. We analyzed the
intensity of the astrocyte reaction by using ImageJ to measure
the relative fluorescence intensity of astrocytes in brain tis-
sue sites in contact with BC-based and BC-DEX/TC-2-based
cortical electrodes. Fluorescence intensity was obtained by
measuring the brightness of the pixel areas at the elec-
trode—brain interface relative to tissues 3 mm beneath the
interface.

Inflammatory cytokine detection

Next, we examined the expression levels of inflammatory
cytokines such as interleukin-1p (IL-1f), tumor necrosis
factor-a (TNF-a), interleukin-10 (IL-10), and transforming
growth factor-p (TGF-B) to evaluate the anti-inflammatory
performance of the BC-DEX/TC-2-based electrodes. TNF-
o and IL-1p were used as key proinflammatory markers,
and IL-10 and TGF-B were used as key anti-inflammatory
markers. Semiquantitative analysis was performed on tissue
sections using Aipathwell software to calculate the histo-
chemical score (H-Score) of each inflammatory factor for the
analyzed brain tissue sections. The H-Score is a commonly
used metric to characterize immunohistochemical analyses,
and converts the number of positive cells in each section and
their staining intensity into values to achieve semiquantita-
tive tissue staining. H-Score ranges from 0 to 300, and the
larger the number, the stronger the comprehensive positive
intensity.

Results and discussion
Successful construction of drug-loaded BC hydrogels

The one-pot encapsulation of TC and DEX in the BC hydro-
gel was initiated by immersing preprocessed BC into a mixed
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solution containing specific concentrations of TC and DEX
dissolved in ethanol. Here, we used a DEX concentration
of 5 mg/mL and a TC concentration of 1, 2, and 3 mg/mL,
respectively (Fig. 1a). Due to the abundance of pores in BC
and the action of osmotic pressure, the solvent exchanges
with the water held in BC, and can then drugs enter and adsorb
into the BC fiber network. The resultant drug-loaded BC
hydrogels were named BC-DEX/TC-1, BC-DEX/TC-2, and
BC-DEX/TC-3 based on the concentration of TC originally
present in the mixed solution. The amount of TC and DEX
drugs that were successfully loaded was determined by XPS
since N is specific to TC, and F is specific to DEX (Fig. 1b).
The characteristic peaks of TC at 1510 cm~! and DEX at
1607 cm™! in the ATR-FTIR spectra of the drug-loaded
BC hydrogels further demonstrated the successful loading
of TC and DEX (Fig. 1c). The encapsulation densities of
TC and DEX in the BC hydrogel increased with higher drug
feed concentrations (Fig. 1d and Fig. S1 in Supplementary
Information). Moreover, EDS images showed that the encap-
sulated drug was evenly distributed in the hydrogel (Fig. le
and Fig. S2 in Supplementary Information). This result was
also verified by SEM and AFM images (Figs. 1f and 1g; Figs.
S3 and S4 in Supplementary Information). We observed no
obvious differences in surface morphology between the BC
and the drug-loaded BC hydrogels, indicating that not only
the drug distribution was uniform, but also that the drug-
loading process had no influence on hydrogel structure.

Basic performance and controlled release behavior
of drug-loaded BC hydrogels

Since the drug was distributed uniformly, even when packed
with functional molecules the drug-loaded BC hydrogels
maintained a certain degree of optical transparency (Fig. 2a).
The light transmissivity of the wet BC-DEX/TC-1 hydrogel
was about 60%—-90% between 420 and 800 nm. However,
when the amount of drug loaded onto the hydrogel increased,
the transmittance of the wet BC-DEX/TC-2 and wet BC-
DEX/TC-3 hydrogels decreased to about 40%—-70% between
420 and 800 nm (Fig. 2b). The transparency of drug-loaded
hydrogels used as electrode substrates is beneficial for locat-
ing interface sites in vivo and for observing morphological
changes in tissues beneath electrodes. As shown in Fig. 2c,
the drug-loaded BC hydrogels were more hydrophilic than
the BC hydrogel. Excellent hydrophilicity is known to be of
great significance for the conformal attachment of electrodes
to brain tissue and for maintaining high electrode biocom-
patibility during implantation [27]. Since the manufacturing
processes for therapeutic cortical electrodes involve high-
temperature treatments such as hot pressing for connecting
the electrode pad and wire, at which the temperature can
reach 220 °C [28], the thermal stability of the BC hydro-
gel is also crucial. As shown by the thermogravimetric (TG)
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curves (Fig. 2d), a mass loss (10% in total, mass fraction)
due to moisture evaporation from internal adsorbed water
was observed from room temperature until 100 °C (i.e., the
boiling point of water at normal pressure). After 100 °C, con-
tinued weight loss may be attributed to the bound water in the
hydrogel. Decomposition was then identified above 300 °C
to show a notable weight loss due to the decomposition of
organic components. This temperature is much higher than
the highest temperature (220 °C) used in the Au—-BC manu-
facturing process.

Since the molecular sizes of TC and DEX are approx-
imately 1.8 nm (Fig. S5 in Supplementary Information),
entrapped drugs can then be slowly released from the BC
hydrogel via pores formed by closely arranged fibers. Next,
to evaluate the drug-release performance from drug-loaded
BC hydrogels, we monitored the release behaviors of TC
and DEX in ACSF and PBS, respectively. The release pro-
files of TC and DEX in ACSF are shown in Figs. 2e and 2f as
well as Fig. S6 (Supplementary Information). All specimens
tested displayed a steady release of the drug after an initial
burst release. This release rate and the corresponding equi-
librium concentration at a stable plateau varied depending on
the initial loading mass of the drugs. The short initial burst
may be due to the drug adsorbed on the surface of the drug-
loaded BC hydrogels, while the long-term sustained release
was due to the drug trapped inside the BC hydrogel. Although
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the molecular sizes of TC and DEX are nearly identical, and
the loading densities of TC and DEX were similar (i.e., 70
and 78 pg/cm?, respectively), the release rate of DEX was
higher than that of TC from the drug-loaded BC hydrogels.
This phenomenon is due to the different charges of TC and
DEX. The BC matrix is negatively charged, and TC is pos-
itively charged, whereas DEX is electrically neutral; TC is
therefore released more slowly than DEX due to electrostatic
interactions between BC and TC. In addition, drug release
from drug-loaded BC hydrogels was faster in PBS than in
ACSF, and drug release was essentially complete after 24 h
(Fig. S7 in Supplementary Information). Thus, our results
show that the drug-loaded BC hydrogels can significantly
slow the release rate of both TC and DEX, indicating that
the BC hydrogel can be used for slow drug release, thereby
reducing the risk of bacterial infection and inflammation dur-
ing electrode implantation.

In vitro biological performance of the drug-loaded
BC hydrogels

TC has a broad antibacterial spectrum that includes Gram-
negative and Gram-positive bacteria. In this study, the
antibacterial activity of drug-loaded BC hydrogels was inves-
tigated using E. coli and S. aureus as model bacteria. The
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Fig. 3 a Bacteriostatic zone of (a)
the BC, BC-DEX/TC-1,
BC-DEX/TC-2, and
BC-DEX/TC-3 hydrogels against
E. coli and S. aureus. b In vitro
bactericidal activity of the BC,
BC-DEX/TC-1, BC-DEX/TC-2,
and BC-DEX/TC-3 hydrogels
against E. coli and S. aureus
(data are expressed as
meanzstandard deviation, n=5).
¢ Colonies formed by bacteria
coated on agar plating after
incubation with the BC,
BC-DEX/TC-1, BC-DEX/TC-2, (©)
and BC-DEX/TC-3. d SEM

images of E. coli and S. aureus

after coincubation with the BC,

BC-DEX/TC-1

E. coli

S. aureus §

BC-DEX/TC-1, BC-DEX/TC-2, E. coli
and BC-DEX/TC-3 hydrogels.
BC: bacterial cellulose; DEX:
dexamethasone; TC: tetracycline;
SEM: scanning electron
microscopy
S. aureus
(d)
E. coli
S. aureus

antibacterial activities of BC and drug-loaded BC hydro-
gels were investigated using disk diffusion and standard agar
plating methods. For example, the prepared hydrogels were
placed on agar coated with E. coli and S. aureus. Antibacte-
rial activity was measured by the generation of a clear zone
of inhibition around samples after 24 h of incubation, and
these images are shown in Fig. 3a. As expected, no inhibi-
tion zones were observed for the BC hydrogel, implying that
the BC hydrogel did not exert any antibacterial effect against
either of the two tested strains. Next, we observed that the
diameters of the zones of inhibition of the BC-DEX/TC-1,
BC-DEX/TC-2, and BC-DEX/TC-3 hydrogels against the
same bacteria were almost identical (i.e., 3 cm for E. coli
and 3.5 cm for S. aureus). These results indicate that drug-
loaded BC hydrogels show strong antibacterial activity.

In addition to the disk diffusion method, antibacterial
activity was further evaluated using bacterial growth inhibi-
tion assays. Figures 3b and 3¢ show the numbers of surviving
bacteria after 4 h of incubation at 37 °C of a bacterial suspen-
sion with different drug-loaded BC hydrogel samples; here

BC-DEX/TC-2

—~
O
-~

BC-DEX/TC-3 .
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c
9o 1.5
kst
=
o
O 1.0+
[«)}
S
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80 ot ot o?
At WS WS
O QT oo
BC BC-DEX/TC-1 BC-DEX/TC-2 BC-DEX/TC-3

survival is shown as a function of TC concentration. We found
that all drug-loaded BC hydrogels inhibited bacterial growth,
and that bacterial inhibition increased quickly for the sam-
ples treated with drug-loaded BC hydrogels, even when only
asmall amount of TC was loaded onto the BC hydrogel. How-
ever, bacterial inhibition leveled off when the TC loading is
further increased. The calculated antibacterial ratios showed
that BC-DEX/TC-2 and BC-DEX/TC-3 showed nearly iden-
tical antibacterial growth activity and performed the best
among all samples tested. Specifically, BC-DEX/TC-2 and
BC-DEX/TC-3 reduced E. coli growth by 1.823+0.021 (>
(98.50£4.80)%) and S. aureus growth by 1.716+£0.007 (>
(98.08+1.56)%).

Moreover, we then used SEM to observe the morphologi-
cal changes in bacteria after different treatments to elucidate
the antibacterial mechanisms responsible. After coincubation
of BC-DEX/TC-2 and BC-DEX/TC-3 with bacteria, the cell
envelopes of the bacteria were seriously destroyed, showing
obvious deformation, collapse, and wrinkles, as indicated
by the orange arrows in Fig. 3d. In general, these results
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indicate that BC-DEX/TC-2 and BC-DEX/TC-3 exert strong
antibacterial activity against both Gram-negative E. coli and
Gram-positive S. aureus. We then selected BC-DEX/TC-2,
which has a smaller drug load, for further experiments.

Cellular growth and proliferation on surfaces are a sym-
bol of material cytocompatibility, and can therefore be used
to assess their potential for application in vivo. Accordingly,
cytotoxicity studies were conducted to investigate the effect
of BC-DEX/TC-2 on the proliferation of NIH 3T3 cell lines.
The effect of BC without drugs was evaluated in vitro to
ensure that BC did not exert an independent toxicity effect.
The good biocompatibility of BC-DEX/TC-2 was evidenced
by the Alamar Blue assay of NIH 3T3. In general, cell
viability values greater than 90% were observed after the
culturing of NIH 3T3 for 24 h on 24-well plates with dif-
ferent samples, including BC and BC-DEX/TC-2 (Fig. 4a).
Fluorescence microscopy was further used to visually eval-
uate NIH 3T3 viability after coincubation with samples for
24 h. This showed that the number of dead cells was negli-
gible and that NIH 3T3 maintained high viability (Fig. 4b).

Moreover, a hemolysis ratio test was carried out to evalu-
ate the blood compatibility of the BC-DEX/TC-2 hydrogel,
which is an important biomedical parameter for assessing the
safety of implantable devices. The hemolysis ratios of the BC
and BC-DEX/TC-2 hydrogels are shown in Fig. 4c, and the
corresponding images are shown in Fig. 4d. Neither the BC
hydrogel nor the BC-DEX/TC-2 hydrogel was found to dam-
age human erythrocytes. These results demonstrate the very
high biocompatibility of the BC-DEX/TC-2 hydrogel, which
implies that it may perform well during implantation assays.
The BC-DEX/TC-2 hydrogel, which is highly hydrophilic
and as soft as native tissue, is a desirable substrate material
for preparing electrodes for neural interfacing.

Conformal therapeutic cortical electrode design
and in vivo recording performance

Therapeutic cortical electrodes were prepared by integrat-
ing the BC-DEX/TC-2 hydrogel with serpentine-shaped
Parylene-C arrays. The resulting electrodes were used to
record the ECoG signals of the rat (Figs. 5a and 5b). The
serpentine-shaped Parylene-C arrays, which contain nine
channels were fabricated using traditional micromachining
(Fig. 5¢). The minimum metal line width for conducting is
25 wm, the Parylene-C line width for encapsulation is 50 pum,
and the diameter of nine exposed microelectrode sites is
100 pm with a pitch of 700 pm between the two adjacent
sites (Fig. 5d and Fig. S8 in Supplementary Information).
This optimal spacing of arrays has been identified by previ-
ous works as capable of achieving relatively high resolution
[28].

After release from the silicon wafer, Parylene-C-
encapsulated serpentine interconnects were bonded to BC or
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BC-DEX/TC-2 hydrogel via a sticky silicone adhesive such
as Ecoflex gel. The corresponding images of the BC-based
or BC-DEX/TC-2-based electrodes are shown in Figs. Se
and 5f. Due to its relatively high softness and hydrophilic-
ity, the BC-based electrode achieves conformal adhesion on
the surface of the curved hydrogel (Fig. 5g). The success-
ful adhesion onto the surface of wet material indicates that
the electrode can also achieve conformal adhesion onto the
surface of the cerebral cortex during implantation, which
will help the electrode acquire high-quality ECoG signals.
Next, the BC-based and BC-DEX/TC-2-based electrodes
were implanted into a rat cerebral cortex to evaluate their
recording performance during implantation. The correspond-
ing images are shown in Fig. 5Sh. We found that the ECoG
activity of the rat brain as recorded by multichannel mapping
using the BC-based and BC-DEX/TC-2-based electrodes
demonstrated the high-throughput signal readout ability of
both electrodes (Fig. 5i).

In vivo antibacterial and anti-inflammatory
performance of therapeutic cortical electrodes

Next, the drug-release behavior of the therapeutic cortical
electrodes was tested in vitro. These results showed that the
drug release rate was lower than the rate of a bare BC con-
trol due to the adhesive Ecoflex gel layer present between the
drug-loaded BC hydrogel and the electrode array. The release
time of DEX can be extended from 24 to 150 h, and that of
TC can be extended to approximately 350 h (Fig. 6a). Before
implantation of BC-based and BC-DEX/TC-2-based elec-
trodes into the rat cerebral cortex, 10 WL S. aureus solution
(1x107 CFU/mL) was added to the electrodes to evalu-
ate the antibacterial and anti-inflammatory performance of
the electrodes. After three days of implantation, the brain
tissue in contact with the BC-based electrode presented a
deeper, more purple-red color relative to the tissue in contact
with the BC-DEX/TC-2-based electrode, which is a classic
symptom of an inflamed and traumatic infection (Fig. 6b,
inserted photograph). Figure 6b and Fig. S9 (Supplemen-
tary Information) show the number of surviving bacteria in
brain tissue contacted with electrodes after three days of
electrode implantation. Here, we see that the BC-DEX/TC-2-
based electrode is able to effectively inhibit bacterial growth.
For example, the bactericidal rate of the therapeutic corti-
cal electrode was up to 95% compared with the BC-based
electrode. Furthermore, the brain tissue sections after hema-
toxylin—eosin (H&E) staining showed that the structure of
the brain in the BC-DEX/TC-2 group was clearer and more
complete compared with similar measurements taken in the
BC group (Fig. 6¢). Taken together, these results show the
therapeutic efficacy of BC-DEX/TC-2 electrodes in inhibit-
ing bacterial growth and brain tissue inflammation.
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Next, we examined the accumulation and proliferation of Conclusions

astrocytes in the central nervous system, which can also be
regarded as an inflammatory response. To do so, brain tis-
sue was stained by NeuN and GFAP to identify neurons
and astrocytes, respectively (Fig. 6d), and the fluorescence
intensities of NeuN and GFAP were quantified using Image].
These results showed that the GFAP levels of BC-DEX/TC-
2-based electrode groups were lower than those of BC-based
electrode groups, whereas their NeuN levels were slightly
higher (Fig. 6e).

Furthermore, the expression levels of inflammatory
cytokines such as IL-1p, TNF-qa, IL-10, and TGF-$ can be
used to evaluate the anti-inflammatory performance of BC-
DEX/TC-2-based electrodes. Here, TNF-a and IL-1f were
treated as proinflammatory markers, while IL-10 and TGF-
B were treated as anti-inflammatory markers. As reflected
by the H-Score (histochemical score) of each inflamma-
tory factor in the brain tissue section in contact with the
BC-based electrode and the BC-DEX/TC-2-based electrode
(Figs. 6f and 6g; Fig. S10 in Supplementary Information),
we found that the BC-DEX/TC-2-based electrode was asso-
ciated with decreased expression of proinflammatory factors
and increased expression of anti-inflammatory factors. Taken
together, these results demonstrate that BC-DEX/TC-2-
based electrodes have good biocompatibility, as well as better
antibacterial and anti-inflammatory performance compared
to BC-based electrodes.

BC is a naturally produced material whose biocompatibility
and softness are superior to those of other synthetic flexi-
ble polymers, including PDMS, PI, PC, and Parylene-C. The
porous network formed by the close-packed cellulose enables
BC hydrogels to be a suitable platform for the encapsula-
tion of functional molecules. In this study, the encapsulated
antibiotic TC and anti-inflammatory drug DEX showed sus-
tained release from a BC hydrogel and effectively inhibited
the in vitro growth of Gram-negative bacteria E. coli as well
as the Gram-positive bacteria S. aureus. Conformal therapeu-
tic cortical electrodes prepared by integrating drug-loaded
BC hydrogels with serpentine-shaped arrays were shown to
be able to produce high-resolution ECoG signal recordings
using a rat model. Moreover, this system showed efficacy
in alleviating in vivo bacterial infection and inflammation
caused by the surgical implantation of cortical electrodes. For
example, the bactericidal rate of the therapeutic cortical elec-
trode was up to 95% compared with the BC-based electrode.
The development of novel therapeutic cortical electrodes by
integrating drug-loaded BC hydrogels provides new oppor-
tunities for resolving complications caused by implantable
flexible electronic devices.
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Fig.5 a Layout of proposed therapeutic cortical electrodes. b Illustra-
tions of therapeutic cortical electrodes implanted on the rat brain cortex.
¢ Photograph of nine-channel serpentine arrays on the silicon wafer.
d Photograph of a single nine-channel serpentine array following release
from the silicon wafer. Photographs of e BC-based and f BC-DEX/TC-
2-based hydrogel cortical electrodes. g Photograph of BC-based cortical
electrodes attached to the curved surface of an agarose hydrogel.
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h Photographs of the BC-based and BC-DEX/TC-2-based cortical elec-
trodes respectively on the left and right cortical surfaces of a rat brain
(left) and fixed with dental cement (right). i Comparison of ECoG
signals recorded from all nine channels from the BC-based and BC-
DEX/TC-2-based cortical electrodes. BC: bacterial cellulose; DEX:
dexamethasone; TC: tetracycline; ECoG: electrocorticography
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Fig.6 a In vitro cumulative release curve of TC and DEX from
BC-DEX/TC-2-based electrodes in ACSF (data are expressed as
mean=standard deviation, n=5). b Colony counts at the interface
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electrodes. e Relative fluorescence intensity of neurons and astrocytes
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