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Abstract: Owing to its capacity to eliminate a long-standing methodological limitation, fiber pho-
tometry can assist research gaining novel insight into neural systems. Fiber photometry can reveal
artifact-free neural activity under deep brain stimulation (DBS). Although evoking neural potential
with DBS is an effective method for mediating neural activity and neural function, the relationship
between DBS-evoked neural Ca2+ change and DBS-evoked neural electrophysiology remains un-
known. Therefore, in this study, a self-assembled optrode was demonstrated as a DBS stimulator and
an optical biosensor capable of concurrently recording Ca2+ fluorescence and electrophysiological
signals. Before the in vivo experiment, the volume of tissue activated (VTA) was estimated, and the
simulated Ca2+ signals were presented using Monte Carlo (MC) simulation to approach the realistic
in vivo environment. When VTA and the simulated Ca2+ signals were combined, the distribution of
simulated Ca2+ fluorescence signals matched the VTA region. In addition, the in vivo experiment
revealed a correlation between the local field potential (LFP) and the Ca2+ fluorescence signal in the
evoked region, revealing the relationship between electrophysiology and the performance of neural
Ca2+ concentration behavior. Concurrent with the VTA volume, simulated Ca2+ intensity, and the
in vivo experiment, these data suggested that the behavior of neural electrophysiology was consistent
with the phenomenon of Ca2+ influx to neurons.

Keywords: fiber photometry; deep brain stimulation; optical biosensor; volume of tissue activated;
Monte Carlo simulation

1. Introduction

Neurons interact largely through different neurons that exchange neurotransmitters
between dendrites and axons to deliver signals [1]. Membrane potential alternations are
also transmitted to neighboring neurons or distant brain areas via electrical signals [2].
Immunohistochemistry (IHC) staining is commonly used to detect changes in specific neu-
rotransmitters and to monitor chemical signal transmission between neurons [3]. Despite
the high spatial resolution of IHC staining, identifying changes in immediate neural activity
is challenging when analyzing neurotransmitter transmission between neurons, and the
three-dimensional (3D) structure of the neurons may be destroyed while producing neural
slice specimens.
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To investigate neural activity, a neural probe is usually implanted into a specific brain
area to observe the electrical signal transmission between neurons and to directly detect
action potential changes in the neural membrane [4]. Although this method may not yield
excellent spatial data, temporal resolution can be significantly improved [5]. Owing to
advances in probe fabrication, neural probes can now detect smaller changes in mem-
brane potential [6] and may be modified to have a reduced inflammatory response [7].
Neural electrophysiology can detect in vivo changes in neural membrane potential in re-
sponse to various stimuli, including electrical stimulation [8,9] and other sensory stimuli
inputs [10,11]. Electrophysiology can also reveal neural firing characteristics such as spikes
(high-frequency signals released by a single neuron) [12] and local field potentials (LFP)
(signals emitted by a specific neural population) [13]. Notably, LFP has been used to study
various brain phenomena, including the neural basis of perception [14], attention [15], and
memory [16], as well as the neural basis of various neurological and psychiatric disor-
ders [17–19]. LFP is thought to reflect neuron activity that significantly contributes to the
regulation of excitatory neuron activity and shaping of the brain’s overall activity patterns.
Previous studies have shown that LFP comprises inhibitory and excitatory postsynaptic
potentials (IPSP and EPSP, respectively). Ca2+ influx across the neuron cell membrane
can induce EPSP, which then triggers neurotransmitter release [20]. However, during
electrical stimulation, the electrical current, size, and shape of the electrodes used to de-
liver the current, as well as the brain’s tissue properties, may generate artifacts during
electrophysiological recording, making it difficult to interpret the LFP and obscuring the un-
derlying neural activity. Therefore, to minimize the effect of electrical stimulation artifacts
on LFP, researchers have used techniques such as the template subtraction method [21],
which attempts to isolate the LFP produced by the underlying neural activity from the
electrical artifacts.

As previously stated, because Ca2+ regulates neurotransmitter release when neu-
rons generate LFP, neurologists have concentrated on Ca2+ studies. The development
of fluorescent Ca2+ indicators has accelerated Ca2+ research in the field of neuroscience.
Bioluminescent calcium-binding photoproteins, including aequorin, were the first calcium
indicators utilized for cellular Ca2+ signaling. Aequorin was microinjected into cells to track
rapid changes in intracellular Ca2+ by observing changes in luminosity [22]. Although
Ca2+ indicators can offer spatiotemporal data on neural activity, they are incapable of
determining whether the Ca2+ fluorescence changes occur in neurons because neurons and
astrocytes in the brain also cause alternations in Ca2+ concentration when these cells are acti-
vated [23,24], causing the fluorescent signals of Ca2+ indicators to coincide with the activity
of neurons and other glia cells. Notably, Ca2+ indicators can now be expressed in a specific
cell type by regulating gene promoters using gene engineering. In recent years, the green
fluorescent protein calcium indicator (GCaMP) family has emerged as the most widely used
genetically encoded calcium indicator (GECI) for studying Ca2+ signals in neurons [25].
GCaMP is typically expressed in neurons using genetic engineering techniques, such as
viral vectors or transgenesis. Once expressed, GCaMP fluoresces when bound to Ca2+,
enabling researchers to measure changes in Ca2+ concentration using microscopy or other
imaging techniques [26]. Since GECIs have been developed, technologies that measure
brain activity through alterations in Ca2+ fluorescence signals have advanced rapidly.

An optrode is an emerging tool that it is used to implant in the brain to acquire Ca2+

fluorescent signals and simultaneously monitor neural electrical activity in the deep brain
area. The current utilities of the optrodes are classified according to integrated optical
fiber, waveguide, and micro-light-emitting diode (microLED), which were highlighted in
opsin technologies of optogenetic modulations and fluorescence sensing. Previous studies
have successfully demonstrated the combination of genetics and optics for simultaneous
control and monitoring of neural activity with the implantation of the optical-fiber-based
optrode [27,28]. To reduce the brain injury caused by the fiber-based optrode, an alternative
to optical optrodes for light delivery is to use an integrated optical waveguide with a small
cross-sectional area [29]. However, there is a comparatively large propagation loss for a
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small-dimension waveguide; the input power of light must be increased, resulting in more
energy loss and heat damage [30,31].

To address the waveguide propagation loss and dispersion of the implantable op-
trode [29,32], recent studies have demonstrated the microfabrication of the optrode with
an integrated microLED array [33,34], which provided optical stimuli with high extraction
efficiency and spatial resolution. The microLED-based optrode was performed without an
external light source and appropriate coupling system, but the requirement for a power
supply and heat dissipation in tissue caused some additional problems [35–37]. For long-
term implantation, the microLED-based optrode easily suffered from electrical leaks and
short-circuits caused either by degradation in the semiconducting properties [38] or by
electrochemical oxidation of the internal metal layer from the ingress of moisture, liquid,
and/or ionic species [39,40].

The recent development of photometric applications in optogenetics has created an
increased demand for advancing engineering tools of optrodes for fluorescence sensing
in vivo. An implantable neural probe with integrated waveguide based on semiconductor
technology has attracted attention because of its high sensitivity in fluorescence [41] and
minimization of neuronal loss [33,34]. The technique of integrated waveguide needs to
overcome its high cost, high fabrication complexity, and lower integrity with the light
source with coupling issue [42,43], leading to its low popularity in the field of neuroscience.
This presents an opportunity to develop a robust manufacturing process for assembling
optical fibers and flexible neural probes for photometric applications. To create a cost-
effective optrode for detecting fluorescence, we developed a rapid, uncomplicated, and
efficiency method for assembling a polyimide-based neural probe with an optical fiber. In
this way, the position of the optical fiber can be freely altered and the process of optrode
assembly is simpler and lower-consuming. Furthermore, to the best of our knowledge,
an optical-fiber-based multichannel optrode for in vivo testing of electrical stimulation
concurrently combined with fluorescence detection and electrophysiological recording has
rarely been reported.

Deep brain stimulation (DBS) has been used extensively in neuroscience research [44,45]
and clinical therapy [46,47] and is an efficient method for regulating synaptic plasticity
accompanied by alterations in the Ca2+ concentration in neurons [48,49]. To unravel the
relationship between DBS-evoked LFP and DBS-evoked Ca2+ fluorescent activity, our
self-assembled optrode capable of concurrently recording LFP and Ca2+ fluorescence was
proposed in this study. Before the in vivo experiment, the volume of tissue activated
(VTA) was estimated to verify the DBS-evoked regions. Notably, VTA is used extensively
in DBS research due to its many clinical applications: it can aid in assessing the best
stimulation sites [50], selecting postoperative stimulation parameters [51], and directing
the presurgical planning for DBS lead-insertion surgery [52]. We also investigated the Ca2+

fluorescence activity under DBS. Monte Carlo (MC) simulation was used to simulate the
evoked Ca2+ fluorescence signal [53,54]. In the field of optical modeling, MC simulation
has been the gold standard and most effective technique, particularly for modelling light
propagation in biological tissue [55]. To apply it to our fabricated fiber-based multichannel
optrode, we modified the standard voxel-based MC simulation, and both the excitation
and emission wavelengths were considered. To further verify the changes between LFP
and Ca2+ fluorescent signals evoked by DBS, AAV-GCaMPs were transfected into the
ventral posteromedial thalamic nuclei (VPM) of rats, and DBS was performed using the
predetermined parameters in the VTA and MC simulation.

2. Materials and Methods
2.1. Fabrication and Design of an Optrode

The proposed optrode comprised 16 microelectrodes and a reference electrode. The
microelectrode array can be used for electrophysiological recording and electrical stimu-
lation. Three quartz masks were designed to fabricate a probe. The first mask (Mask #1)
was utilized in the internal wiring structure of a chip to implement a high-density redistri-
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bution layer (RDL) on the substrate of the microelectrode array and reference electrode,
as well as its accompanying wire-bonding package metal substrate and connecting wires.
The second mask (Mask #2) was used to create a three-dimensional microelectrode array,
reference electrode, and metal bonding pad for wire bonding. The third mask (Mask #3)
was used to form the essential features of the neural probe, such as long-axis electrodes,
a tip with the appropriate angle for neural implantation, and its latter portion that carried
the wire bonding.

Figure 1 shows the flow diagram for fabricating a probe with three microelectrode
arrays and a reference electrode. To prepare for polyimide film removal (PI-2611, HD
Microsystems, Parlin, NJ, USA), a 6-inch glass wafer was first coated with a 200 nm thick
chromium (Cr) layer and a 700 nm thick Cu layer using vapor deposition. After covering,
the sacrificial layer was covered with a 30 µm thick polyimide film using a spin coater and
baked at 300 ◦C, and an impact-resistant layer was created by depositing a 200 nm thick Cr
layer onto the polyimide to increase its strength. This layer was then coated with a second
polyimide layer with 30 µm thickness and cured as previously mentioned. Furthermore,
wet etching was performed to finish the impact-resistant layer and preserve the shape of
the neural probe. The second polyimide layer was then vapor-deposited with a 700 nm
thick copper (Cu) layer and 100 nm thick Cr layer. The 16 microelectrodes, one reference
electrode, and interconnecting traces were lithographically patterned using Mask #1 as
shown in Figure 1A(a–d).
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Figure 1. (A) Schematic illustration of microfabrication procedures of the optrode in the exploded-
view drawing including cross-sectional and top views. The impact-resistant layer of the neural
probe was made by depositing a 200 nm thick Cr layer over the polyimide to increase its strength (a).
Wet etching was used to finish the impact-resistant layer and reserve the shape of the optrode (b).
A second polyimide layer was vapor-deposited with a 700 nm thick Cu layer and 100 nm thick Cr layer
(c). The 16 microelectrodes, one reference electrode, and interconnecting traces were lithographically
patterned using Mask #1 (d). Using O2 plasma etching with Mask #2, windows with lithographic
patterns were made on the third polyimide layer (e). Pd was electroformed onto the windows, and
Au was electroplated on top of the Pd layer to enhance the sensing area (f). The three polyimide
layers were lithographically patterned with Mask #3 to remove the neural probe from the glass wafer
(g,h). (B) The photograph of our fabricated optrode assembly with the combination of optical fiber
and the neural probe attached to a printed circuit board (PCB) soldered to a small strip connector.
The optical fiber, which was 200 µm in diameter and 0.48 NA, was positioned to align Channel #5
of the microelectrode on the neural probe shaft. Following positioning, UV resin was spluttered on
the optical fiber to fix it on the neural probe shaft. Final optrode assembly is shown on a PCB with
enlarged views of light off and light off conditions.
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Subsequently, the metal circuits were shielded with a third 3.2 µm thick polyimide
layer, which was spun onto a trace layer. On this layer, 3.2 mm thick windows with
lithographic patterns were made using O2 plasma etching with Mask #2 (Figure 1A(e)).
To avoid cracks in the microelectrodes and bonding pads of the neural probe caused by
the Kirkendall effect at the interface between gold and copper [56–58], which limits the
utility of gold-copper coatings in high-temperature environments and when a long lifetime
is sought, palladium was electroplated on the copper, which was used to suppress the
voids formed at the boundary interface in the gold–copper coatings [58–60]. Following
palladium electroplating, the process of gold plating was performed to form 3D-structured
microelectrodes and bonding pads (Figure 1A(f)). To remove the optrode from the glass
wafer, the three polyimide layers were lithographically patterned with Mask #3, which was
etched with O2 plasma, and the Cu-based sacrificial layers were removed with a metal
etchant as shown in Figure 1A(g,h).

After aligning the tip of an optical fiber (200 µm of diameters, 0.48 NA, Inper, Hangzhou,
China) with Channel #5 of the neural probe and affixing it using UV resin (NOA65, Norland
Products Inc., East Windsor, NJ, USA), the optrode was completed as shown in Figure 1B.

2.2. Computational Modeling of the VTA in Thalamic DBS

A 3D finite element method (FEM) model of the optrode was constructed using a
commercial software package (Maxwell®, ANSYS, Inc., Canonsburg, PA, USA) to assess
the effects of DBS. A 2 × 2 × 2-mm3 cube of homogeneous and isotropic brain tissue was
modeled as an axisymmetric volume conductor surrounding the DBS microelectrodes.
The electrical resistivities of the gold microelectrode and polyimide substrate of our self-
assembled optrode were 2.439 × 10−8 and 1.667 × 1016 µm, respectively. To simulate
the actual environment of the brain tissue in vivo, in vivo impedance was measured [61]
using a pair of microelectrodes (Channels #1 and #4) on our self-assembled optrode with a
sinusoidal voltage source (20 mV, <150 nA, at 1 kHz) generated with an LCR meter (Model:
4263B, Agilent Technologies Inc., Santa Clara, CA, USA). Subsequently, the corresponding
in vivo conductivity was measured using Equation (1):

Conductivity (K)[S/m] =
1

in vivo resistance(R)
× distance(D)

area(S)
(1)

where R [Ω] was measured between Channel #1 and #4, D between both Channels
was 450 µm, and S, with a microelectrode radius of 8 µm, was 200.960 µm2. R was
0.543 ± 0.005 MΩ, and K was calculated to be 4.120 ± 0.041 S/m. K was then introduced
to Equation (2) to describe the current density and electric field:

⇀
J = K

⇀
E= −K∇Ve (2)

where
⇀
J is the current density,

⇀
E is the electric field, and Ve is the negative gradient

of potential.

With a point source of current, Iv, which was assumed to be infinite,
⇀
J could be

described with divergence properties and presented as Equation (3):

∇·
⇀
J = Iv= −K∇ Ve (3)

Under a homogeneous condition, Poisson’s equation for Ve is described as Equation (4):

∇2Ve= −
Iv

K
(4)
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Owing to this homogeneous condition, the conservation of the current requires that

∇·
⇀
J = 0. Simultaneously, Ve must satisfy a partial differential equation called the Laplace

equation which presented as Equation (5):

∇2Ve= 0 (5)

A solution for Ve in Poisson’s equation could be described as Equation (6):

Ve =
1

4πε

∫
σdV

r
(6)

where ε is the dielectric permittivity, σ is the permittivity, and r is the distance between
two points in a tissue. Based on these equations, the distribution of Ve could be calculated.
In this FEM model, the mesh size was set to 10 µm, the in vivo conductivity, K, was set to
4.120 S/m for a homogeneous and isotropic tissue medium, as mentioned earlier, and the
conductivities of the gold microelectrode and polyimide substrate of the self-assembled
optrode were set to 4.100 × 107 and 5.998 × 10−17 S/m, respectively. σ was set to 80 in the
homogeneous and isotropic tissue medium.

In this study, VTA was estimated using an activating function, defined as the second
spatial derivative of an extracellular voltage along an axon [62], which can be described as
Equation (7):

f(n) =
∆2Ve

∆x2 =
[Ve(n + 1)−Ve(n)]− [Ve(n)−Ve(n− 1)]

L2 =
Ve(n− 1)−2Ve(n)+Ve(n + 1)

L2 (7)

where n is the position of the homogeneous and isotropic tissue medium, and L is the grid
spacing conducted in the FEM model, which is 10 µm. The regions were assumed to be
activated when f(n) > 0.

2.3. Simulation of the Thalamic-DBS-Evoked Calcium Signal

The purpose of MC simulation is mainly to investigate the changes in Ca2+ fluorescence
emission and intensities from the VTA volume in response to varying DBS intensities.
Our MC simulation was performed using a lab-designed MATLAB® software (2020R
MathWorks Inc., Natick, MA, USA) and C code. A single simulation was conducted
concurrently with 465 nm excitation light and 525 nm emitted fluorescence. The voxel
size was set to 10 µm according to the mesh size from the FEM model as described in
Section 2.2. Our MC simulation model was made as the optical fiber (200 µm in diameter,
0.48 NA) inserted in a 2 × 2 × 2 mm3 homogeneous brain tissue [63]. To estimate the
photon trajectory stimulated by the fiber, the light source of the optical fiber was assumed
to be a defocused, uniformly dispersed beam. The position of the light source was located
at Channel #5 of the optrode, corresponding to the position in the FEM model. The launch
angle was 20.5◦ based on the NA of the optical fiber. Furthermore, the absorption (µa) and
scattering (µs) coefficients of the white matter were measured using an integrated sphere
optical system (Ophir IS6, Ophir Optronics Solutions Ltd., Jerusalem, Israel) under both
465 nm and 525 nm laser wavelengths in order to fit the MC simulation environment to
real brain conditions.

To determine the fluorescence signal profile of a single fiber implanted in a tissue,
MC simulations of 10 M photon packets were emitted from the fiber, with the initial
energy for each photon set to 1 weight (W). The starting coordinates and initial photon
direction were selected based on the position of the optical fiber. As an optical fiber light
source, a defocused, uniformly distributed beam was employed to predict the photon exit
trajectories. The step size (∆S) of a photon after it leaves the fiber must be less than the
mean free path length of a photon in tissues; this is the reciprocal of the total attenuation
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coefficient. A function of random variable (ξ) was used to efficiently generate different step
sizes for each photon step, as shown in Equation (8):

∆S =
− lnξ
µa+µs

(8)

where µa and µs were 4.642 cm−1 and 257.631 cm−1 for a 465 nm excitation light and
4.873 cm−1 and 224.074 cm−1 for a 525 nm emission fluorescence, respectively.

After each propagation step, a fraction of the photon packet was absorbed. The fraction
of the absorbed photon weight ∆W was calculated using Equation (9):

∆W = (
µa

µa+µs
)W (9)

The updated weight (W′) representing the fraction of the scattered packet was given
by Equation (10):

W′= W−∆W (10)

The fluorescence quantum yield (QY) of a fluorophore is the fraction of absorbed
photons resulting in fluorescence emission. Therefore, fluorescent photon emission occurs
when an excitation photon propagates into a voxel where the fluorescence QY exceeds 0.
When the absorbed photon weight was ∆W, the initial weight of the fluorescent photon
packet Wf was calculated using Equation (11):

Wf = ∆W × QY (11)

As a result, QY was set to 1 if the activated region exhibited normal Ca2+ indictor
expression. Finally, the energy of emission fluorescence was denoted as ϕ and could be
calculated by Equation (12):

ϕ =
W

cm2 = WF ×
1
µaV

(12)

where µa is the absorption coefficient of the emission light, and V is the voxel size of
10−3 × 10−3 × 10−3 cm3.

2.4. Setup of Fiber Photometry System

A fluorescence minicube (FMC5, Doric, Québec, Canada) was used as the light path
of the photometry system. A 405 nm violet (CLED_405, Doric, Québec, Canada) and
465 nm blue LED (CLED_465, Doric, Québec, Canada) were the light sources of the system.
The lens collimated the two sources into dichroic mirrors such that the sources were
collinearly oriented into an optical fiber for lighting. Then, the light from these two sources
traveled through the optical fiber separately. The 465 nm blue LED was used to activate
GCaMP6s, and the evoked Ca2+-dependent signals were measured in the 500–550 nm
spectral window. The 405 nm violet LED was used to evoke Ca2+-independent signals,
which were autofluorescence in brain tissue [64] and were measured in the 420–450 nm
spectral window. Two optical fibers were connected to an avalanche photodiode array
(APD) (S8550-02, Hamamatsu Photonics, Hamamatsu, Japan) to limit light decay and
to explore the fluorescence signals, as shown in Figure 2. The signals of GCaMP6s and
autofluorescence were recorded at Channel #9 and #25 on the APD array, respectively.
The fluorescence signals were transmitted using a multichannel data acquisition system
(PhotoniQ Model IQSP480, Vertilon Corp., Westford, MA, USA) for further analysis.
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independent signals were filtered with an emission filter between 500 and 550 nm and between
420 and 450 nm, respectively. These signals were recorded at Channel #9 and Channel #25 on the
APD array, respectively.

2.5. Animal Preparation and Surgery

To validate the relationship between the evoked LFP and evoked Ca2+ fluorescence,
in vivo tests were conducted on 8-week-old Sprague–Dawley (SD) adult rats (N = 5)
weighting 250–350 g. The rats were housed and fed ad libitum in an animal facility
(12:12 light/dark cycle; light on at 7 a.m.; 20 ± 3 ◦C). All animal experimental designs
and procedures were reviewed and approved by the Institutional Animal Care and Use
Committee of the Taipei Medical University (IACUC Approval number: LAC-2020-0210),
and the rats were handled following the accepted standards and regulations.

GCaMP6s was the Ca2+ indicator in the in vivo experiment, which was obtained from
Douglas Kim and GENIE Project (Addgene plasmid # 100843; RRID: Addgene_100843).
The rats received 0.25 µL of GCaMP6s virus which was injected at a rate of 0.050 µL/min
for 5 min into the right ventral posteromedial thalamic nuclei (VPM) (AP: −3.48 mm,
ML: 2.70 mm, DV: −6.80 mm) while rats were under isoflurane anesthesia (induction
4%; maintenance 1.5%). Two weeks after viral injection, the self-assembled optrode was
implanted into the rat thalamic VPM nuclei (AP: −3.48 mm, ML: 2.50 mm, DV: −6.80 mm)
under the same procedure of isoflurane anesthesia. The whole skull was coated with dental
cement to strengthen its attachment to the optrode. When the optrode was firmly fixed to
the skull, the holder could be released, allowing the scalp to be stitched over the dental
cement mound [65].
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2.6. Thalamic-DBS-Induced Neuronal Activity Recording: Ca2+ Fluorescence Signals and
Electrophysiology Recordings

Under isoflurane anesthesia (induction 4%; maintenance 1.5%), the rats were mounted
on a stereotaxic device, and acute fluorescence and LFP were concurrently recorded for
40 s. The first 10 s of Ca2+ fluorescence signals were recorded to calculate the baseline. DBS
was triggered with an isolated pulse stimulator (S48, Grass Technologies, West Warwick,
RI, USA), providing stimulation pulses of varying current strengths with a 0.4 ms duration,
3 Hz of frequency, and different DBS intensities (50 µA, 100 µA, 200 µA, and 300 µA)
at 10–30 s during the recording. To determine the maximum DBS intensity, the total
electrical energy delivered to the tissue (TEED) was used to calculate the amount of energy
transferred by DBS intensity to the brain tissue using Equation (13) [66]:

EDBS =
(I×R)2×pw× f

R
(1 s) (13)

where EDBS is the electrical energy delivered within 1 s; f = frequency of 3 [Hz]; I = current
[A]; pw = pulse width of 0.4 × 10−3 [s]; and R = in vivo impedance of 5.43 × 105 [Ω]
between Channel #1 and #4 on the neural probe. In this study, the maximum TEED under
the DBS intensity of 300 µA was 5.864 × 10−5 J, and the 20 s DBS was applied; therefore,
the energy received by tissue was 1.172 × 10−3 J. According to Deep Brain Stimulation
Management [67], when considering the safety concerns for DBS, the upper limit for charge
capacity is 30 µC/cm2, which, converted to energy, is 1.12 × 10−2 J. To ensure the biosafety,
we considered the DBS intensity of 300 µA as a proper upper limit for the DBS in this
study. Based on our previous study [68], the lowest DBS intensity of 50 µA could induced
stable neural responses. In addition, the increase in the DBS-evoked neural responses with
the linear fashion were found by gradually increasing the stimulus intensities of 50 µA,
100 µA, and 200 µA. DBS-induced Ca2+ fluorescence intensities were collected using our
optical-fiber-based optrode. The total output power of the optical fiber tip was adjusted to
0.2 mW. The last 10 sec was the rest of the DBS.

Electrophysiological recordings were also performed simultaneously using a multi-
channel acquisition processor (Open Ephys [69]). Neuronal LFP activity was sampled at
1 kHz and digitally filtered with a bandpass filter at 0.3–300 Hz. A graphical user interface
controlled with LabVIEW (LabVIEW 2017, National Instruments, Austin, TX, USA) served
as the main controller for the entire data acquisition system. Offline data were retrieved us-
ing the LabVIEW interface. Figure 3 shows the in vivo experimental setup. After electrical
stimulation, the rats were sacrificed, and their brains were extracted to confirm GCaMP6s
expression. This was conducted to ensure the transfection of the adeno-associated virus
(AAV). Owing to the presence of a green fluorescent protein (GFP) gene segment located in
the plasmid transported by the AAV, infected neurons could be observed using a fluorescent
microscope (BX61, Olympus, Tokyo, Japan) at a 475 nm excitation wavelength.

2.7. Data Analysis

To create an averaged evoked LFP, its amplitudes were clipped every 333 ms over the
15–25 s recording period in response to fluorescence signal emergence. Then, an absolute
value of the evoked response amplitudes at 30 ms post-stimulus (denoted as ∑LFP) was
calculated by summing the averaged evoked LFP. ∑LFP changes were used to evaluate the
stability of the evoked responses induced by the thalamic stimulation.

The raw Ca2+ fluorescence intensity was mixed with a high-frequency noise caused by
the photometric recording instrument, which should be filtered out with a 100-Hz low-pass
filter. The change in Ca2+ concentration is expressed as ∆F/F = (Fs − F0)/F0, where Fs is
the fluorescence intensity during electrical stimulation, and F0 is the mean fluorescence
intensity before stimulation. The ∆F/F ratio was then averaged over the 15–25 s recording
period because fluorescence signals increased about 5 s later [70]. Both LFP and Ca2+

fluorescence intensities were analyzed using MATLAB®.
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Figure 3. An overview of the system instrumentation for the in vivo experiment. Implantation was
performed at the VPM (AP: −3.48 mm, ML: 2.70 mm, DV: −6.80 mm). Then, the optrode was linked
to the photometry system, Open Ephys, and stimulator. The photometry system was attached to the
fiber on the optrode. Open Ephys was attached to Channel #2, whereas the stimulator was attached
to Channel #1 as the current source and Channel #4 as the reference. DBS was triggered at 10–30 s
during the recordings, and the parameters of electrical stimulation were 0.4 ms at 3 Hz under different
intensities (50 µA, 100 µA, 200 µA, and 300 µA). Abbreviation: CL, coupling lens; DM, dichroic
mirror; EF, emission filter; FP, fiber port.

2.8. Statistical Analysis

To verify the relationship between LFP and Ca2+ fluorescence intensity in vivo, a linear
data fit with a corresponding coefficient of determination (R2) was used to determine the
relationships between VTA volume and simulated Ca2+ fluorescence intensities, VTA
volume and ∑LFP, simulated Ca2+ fluorescence intensities and Ca2+ fluorescence intensity
in vivo, and ∑LFP and Ca2+ fluorescence intensity in vivo. The higher the R2 value, the
more sensitive the positive to the paired items under stimulus intensities. The linear curve
fitting was conducted with SPSS version 26.0 (SPSS Inc., Chicago, IL, USA). The significance
level was set at p < 0.05. The results were expressed with mean values and standard error
of the mean (mean ± SEM).

3. Results
3.1. Estimation of VTA Volume

For thalamic DBS from the optrode, the effects of all four different DBS intensities
(50 µA, 100 µA, 200 µA, and 300 µA) with comparable spatial patterns of activation in the
XY, YZ, and XZ planes are shown in Figure 4A. Stimulus current density modulated the
effects of DBS from the optrode, and the affected regions were observed to concentrate
on Channels #1 and #4 (current source and reference, respectively). Stronger effects of
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the stimulus current density were also observed to concentrate on the microelectrodes of
current source and reference.
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3.2. Estimation of Simulated Ca2+ Fluorescence Intensity 

Figure 4. The stimulus effects under different DBS intensities. (A) The two-dimensional view of
the electrical effects under different stimulus intensities at the range of f (n) = −1~1. The effects of
thalamic stimulation could be investigated under different DBS intensities (50 µA, 100 µA, 200 µA,
and 300 µA). With the higher DBS intensities, a larger influenced region could be observed. (B) The
value of voxels with f (n) > 0 were estimated as the VTA volume under different DBS intensities at the
K = 4.120 S/m. The stronger the DBS intensity, the larger the VTA volume observed.

Subsequently, the VTA volume was estimated when the value exceeded 0, which
represented the activated area based on f(n) (Equation (7)). Increasing the stimulus current
density resulted in a larger VTA volume (Figure 4B). Because the optrode was simulated
in the same homogeneous brain tissue, the simulation results suggest that a change in
stimulus current density could mediate a change in VTA volume.

3.2. Estimation of Simulated Ca2+ Fluorescence Intensity

Figure 5A shows the fluorescence distributions evoked by thalamic DBS. The activated
regions were derived from VTA, and QY was 1 in these voxels of regions assuming that
GCaMPs were fully expressed in the activated regions. The simulated Ca2+ fluorescence
intensity was investigated by concentrating on the current source and the reference. The
stronger simulated Ca2+ fluorescence intensity also corresponded to the stronger DBS
intensity. To validate the value of simulated Ca2+ fluorescence, ϕ in every voxel was
summed up in response to different DBS intensities (Figure 5B). A larger ϕ was found
under stronger DBS intensity. In the MC simulation, because the activated regions were
predetermined by the VTA volume, the similar distribution of VTA volume and Ca2+

fluorescence signal could be investigated.
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Figure 5. (A) The two-dimensional view of fluorescence distribution under different stimulus
intensities. The stronger the DBS intensity, the larger the emitted fluorescence distribution observed,
corresponding to the tendency of the VTA. (B) The estimation of fluorescence intensities in the
voxels of the 3D MC model was calculated as ϕ ( W

cm2 ). The stronger fluorescence intensity was also
performed with the higher DBS intensity.

3.3. Acute Ca2+ Fluorescence and LFP Recordings under In Vivo Thalamic Stimulation

Figure 6A shows the GCaMP expression and optrode position. The optrode was
implanted at an anteroposterior (AP) level of −3.48 mm relative to the Bregma. Using the
rat brain atlas, the position of the optrode was determined to be VPM (AP: −3.48 mm, ML:
2.50 mm, DV: −6.80 mm). Figure 6B shows an enlarged fluorescent image. The expression
of GCaMP6s–GFP was investigated with the fluorescence microscope using the excitation
of 475 nm wavelength light.

Acute Ca2+ fluorescence and LFPs were recorded while the rats were exposed to vary-
ing DBS intensities. Figure 7A shows the in vivo recordings of acute Ca2+ fluorescence and
the LFP. The first 10 sec of recording indicated the Ca2+ fluorescence baseline, whereas the
last 10 sec indicated stimulation rest. The DBS was conducted every 10 s during the record-
ing duration. Stimulation artifacts were observed in the LFP recording, corresponding to
the DBS frequency. The increased DBS intensity enabled the observation of an increase in
both acute Ca2+ fluorescence and LFP. In addition, increased Ca2+ fluorescence signals were
observed rising about 5 s after DBS initiation. Increasing the DBS current density induced a
stronger response in both LFP and Ca2+ fluorescence signals, consistent with the simulated
results in VTA volume and MC simulation. Figure 7B shows the first 30 ms of the average
amplitudes from the elicited LFP measurements taken every 333 ms. Similar LFP ampli-
tude patterns were observable, even when the DBS intensity was varied. Subsequently,
the first 30 ms of average amplitudes under different DBS intensities were summed up
with the absolute value to quantify the effects of varying DBS intensities and denoted as
∑LFP, as shown in Figure 7C. To determine the relationship between DBS-evoked LFP and
DBS-evoked Ca2+ fluorescence signals under varying stimulus current densities, ∑LFP was
further verified using VTA volume and simulated Ca2+ fluorescence signals with linear
curve fitting.
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Figure 6. The expression of GCaMP6s in VPM. (A) The coronal brain tissue slice at the AP level of
−3.48 mm relative to the Bregma. Abbreviations: AP, anteroposterior; Po, the posterior thalamus
nuclear group; S1BF, barrel field of primary somatosensory cortex; S2, secondary somatosensory
cortex; VPL, ventral posterolateral thalamic nucleus; VPM, ventral posteromedial thalamus nucleus.
(B) An enlarged fluorescent image of the yellow rectangle shows the significant GcaMP6s–GFP
expression in the thalamic VB complex, including VPM nuclei. Wide-field image of the enlarged
thalamic region (yellow dotted box) shows thalamocortical relay neurons labeled with GcaMP6s–GFP.
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and LFP simultaneously recorded from the right VPM electrical stimulation using the self-assembly
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optrode. Different DBS intensities were applied in the experiment. Acute reaction of LFP could be
investigated at the time point of thalamic stimulation, while the reaction of the Ca2+ signal was about
5 sec later than thalamic stimulation. (B) The average of the amplitudes from 30 ms of evoked LFP
clipped every 333 ms under different DBS intensities. Higher amplitude could be observed with
higher DBS intensities. The lines indicated the mean of the LFP amplitude and shaded areas indicated
the SEM. (C) The ∑LFP, which is the absolute value of the evoked response amplitudes at 30 ms
post-stimulus under different DBS intensities. Corresponding to the result before, higher values also
could be seen with higher DBS intensities. The ∑LFP is presented as mean ± SEM.

3.4. Linear Relationship among VTA Volume, Simulated Ca2+ Fluorescence Intensity, Ca2+

Fluorescence Intensity In Vivo, and ∑LFP

Figure 8A shows the linear curve fitting between the VTA volume and simulated Ca2+

fluorescence intensity. The coefficient of determination (R2) between the VTA volume and
simulated Ca2+ fluorescence intensity was 0.976. The significant linearity indicated that the
two experiments produced similar results. Figure 8B shows the linear curve fitting between
∑LFP and VTA volume for a tissue conductivity of 4.120 S/m. An optimal fit (R2 = 0.995)
between ∑LFP and VTA volume was obtained.
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Figure 8. The comparison of VTA volume, simulated Ca2+ fluorescence intensity, Ca2+ fluorescence
intensity in vivo, and ∑LFP (A) The comparison between VTA volume and simulated Ca2+ fluo-
rescence intensity, R2 = 0.976 (p = 0.012). (B) The comparison between VTA volume and ∑LFP,
R2 = 0.995 (p = 0.002). The ∑LFP is presented as mean ± SEM along the Y-axis. (C) The comparison
between simulated Ca2+ fluorescence intensity and Ca2+ fluorescence intensity in vivo, R2 = 0.956
(p = 0.022). The Ca2+ fluorescence intensity in vivo is presented as mean ± SEM along the Y-axis.
(D) The comparison between Ca2+ fluorescence intensity in vivo and ∑LFP, R2 = 0.997 (p = 0.001).
The ∑LFP and the Ca2+ fluorescence intensity in vivo are presented as mean ± SEM along the X-axis
and Y-axis, respectively.

Figure 8C depicts the correlation between the simulated Ca2+ fluorescence intensity
and the Ca2+ fluorescence intensity in vivo. The optimal coefficient of determination
(R2 = 0.956) between simulated Ca2+ fluorescence intensity and Ca2+ fluorescence intensity
in vivo was obtained for a QY of 1. Figure 8D shows the linear curve fitting between
∑LFP and Ca2+ fluorescence intensity in vivo. The optimal coefficient of determination



Biosensors 2023, 13, 265 15 of 21

(R2 = 0.997) between ∑LFP and Ca2+ fluorescence intensity in vivo was obtained. This
result indicated an ideal sensitivity to predict the evoked Ca2+ fluorescence intensity
in vivo based on the evoked LFP. Therefore, significant linear relationships existed among
the VTA volume, simulated Ca2+ fluorescence intensity, Ca2+ fluorescence intensity in vivo,
and ∑LFP.

4. Discussion
4.1. The Advance of Self-Assembled Optrode

In this study, our self-assemble optrode was capable of concurrently recording Ca2+

fluorescence signals and electrophysiology. The optical fiber was aligned with Channel #5
of the optrode, whereas Channel #1, #2, and #4 served as the current source, recording site,
and reference, respectively. In addition, UV resin was employed as the adhesive owing to
its transparency and ability to solidify when exposed to UV light. Its former characteristics
minimized the light absorption loss, whereas its latter characteristics facilitated the optrode-
assembly process.

Optrode assembly has been demonstrated in previous studies. Stocke and Samuelsen
used a 3D-printed self-made fixture to firmly attach an optical fiber to the optrode [71]. The
design of the self-made fixture could be modified to accommodate various diameters and
lengths of optical fibers, and the firmness of the 3D-printed self-made fixture was shown to
withstand long-term in vivo recording (12 days). Therefore, a 3D-printed self-made fixture
that complies with the probe and optical fiber specifications may be an improved method
for chronic in vivo recording.

Sileo, et al. [72] adhered a tapered optical fiber to a multichannel probe using UV resin.
The tapered optical fiber provided homogenous illumination on the recording site, thereby
reducing the loss of photonic energy by suppressing photon propagation in the brain tissue.
Although the tapered optical fiber was demonstrated to be less invasive in the in vivo
experiment [73], the tapered-optical-fiber-based optrode could only capture the electro-
physiological signal evoked by the excitation light. Unlike the tapered-optical-fiber-based
optrode, our self-assembled optrode could simultaneously record fluorescence and electro-
physiological signals evoked by electrical stimulation. In addition, the microelectrode array
of the optrode enabled accurate electrical stimulation and recording of small brain regions,
indicating that the self-assembled optrode is a promising biosensor for investigating acute
neuronal activity in vivo under varying DBS intensities.

4.2. The Correlation between Simulated Results and In Vivo Experiments

Due to the assumed normal expression of GCaMPs in the VTA regions, the linear
correlation data showed a strong positive association between VTA and simulated Ca2+

fluorescence intensity. The QY of the VTA region was assumed to be 1, so simulated fluroes-
cence would be emitted once the region was activated by the excitation light, indicating that
the VTA volume had a strong positive correlation with the simulated Ca2+ fluorescence.

The most remarkable finding was that the VTA volume corresponded to the ∑LFP
under varying DBS intensities, indicating that the predicted VTA volume was significantly
correlated with the summation of the LFP amplitude. VTA was judged to be the most
important benchmark for measuring the effects of the stimulation [74], whereas LFP was
the neuronal response generated by different DBS parameters [75]. The present study
effectively connected the vital simulation to the in vivo state by demonstrating that changes
in VTA volume maintained a significant positive correlation with varying DBS intensities,
indicating that VTA volume estimation using FEM with a homogeneous and isotropic
medium may be appropriate in the rodent model.

However, the correlation between the simulated Ca2+ fluorescence intensity and the
Ca2+ fluorescence intensity in vivo was weak, probably because QY was set to 1 in the MC
simulation, which did not reflect the real condition of GCaMP expression in the activated
regions and led to a bias in the MC simulation model compared to the in vivo experiment.
Based on the previous studies, the efficiency of GCaMP expression should be considered
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in order to simulate the real conditions of an animal model. For instance, the GCaMP
expression ratio varied at distinct post-injection time points [76]. Because several factors
such as transgenic animal [77], different strains of AAV-mediated expression [78], and the
plasmid design affect the ratio of efficient GCaMP expression [25,79], the QY of the emitted
fluorescence should be dynamically adjusted for the different factors in order to satisfy the
necessary conditions for MC simulation.

The linear curve fitting results showed that both VTA volume and simulated Ca2+

fluorescence significantly and positively correlated with in vivo signals under varying DBS
intensities, although the MC simulation at this stage could not match the actual condition
of the animal model. Therefore, unnecessary in vivo experiments and optrode fabrication
can be reduced by incorporating VTA and MC simulation into the optrode design phase.

4.3. Comparison of the Ca2+ Photometry and Electrophysiology

The linear curve fitting results indicated that Ca2+ fluorescence intensity in vivo corre-
lated with LFP under varying DBS intensities, indicating a link between Ca2+ and neural
activity. Without a doubt, calcium facilitates the neuronal transmission of neurotransmit-
ters and the subsequent generation of action potentials [80,81].Therefore, investigating
alterations in the Ca2+ signal in brain tissue is an appropriate method for confirming
neural activity.

Ca2+ photometry has gained widespread application in neurology [26,82,83] owing
to its ability to provide recordings free of electrical artifacts. Electrophysiological inves-
tigations, notably those aiming to understand how DBS affects the neurons in the target
structure, have met major challenges owing to artifacts; hence, several strategies for artifact
removal have been developed [84]. However, unlike electrophysiology, the photometry
method for measuring calcium indicators suffers from poor temporal resolution. GCaMP
calcium measurement provides an integrated signal due to many spikes, whereas conven-
tional single-unit electrophysiology detects individual action potentials [85]. Furthermore,
the decay time and the rise time of GCaMPs exceeded the electrical response and the
electrical stimulation periods in this study [85], making it difficult to observe neural activity
during the electrical stimulation period. Fiber photometry has additional drawbacks be-
cause it further averages signals across a population of neurons and from several neuronal
compartments (dendrites and soma). A rise in fiber photometry signals might suggest
either an increase in overall firing or an increase in population synchronization. Recent
research in the striatum comparing neuronal firing and fiber photometry (using simul-
taneous multi-unit electrophysiology and fiber photometry) revealed that although fiber
photometry signals were longer and may represent dendritic Ca2+ influx related to back
propagation, an initial phase of calcium signal correlated well with firing [86], suggesting
that Ca2+ comprises neuronal firing and the dendritic Ca2+ influx phenomenon.

Despite the limitation of the fiber photometry technique, the Ca2+ was still an impor-
tant biomarker for observing neural reaction, due to its function for mediating the release
of neural transmitters. Especially in some disease models, such as Parkinson’s disease [44],
Alzheimer’s disease [45], and depression [87], fluorescence signals of Ca2+ have helped to
reveal abnormal brain circuits and networking. With the development of the photometry
technique and genic engineering, the limitations of measurement and the Ca2+ indicators
may be overcome in the future.

5. Conclusions

In this study, the optrode successfully was fabricated with an assembly process for
a low-cost, simple, and spatial flexibility of optical fiber onto the microfabricated neural
probe. Furthermore, our self-assembled optrode was capable of performing a multifunction
of electrical/optical stimulation and concurrent recordings of LFPs and Ca2+ fluorescence
signals, which was used to investigate the relationship between Ca2+ signaling and electro-
physiological performance. In addition, the simulated data for different intensities of DBS,
including estimated evoked VTA volumes and corresponding changes of MC-simulated
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Ca2+ fluorescence signals, were confirmed with a strongly positive correlation to in vivo
recordings using our self-assembled optrode. These data suggest that the performance of
electrophysiology was consistent with the phenomenon of Ca2+ influx to neural synapses,
corresponding to the role of Ca2+ as a neurotransmitter mediator and subsequently in-
ducing postsynaptic potentials. The developed optrode was successfully used to validate
our numerical results on the DBS-evoked VTA estimation and corresponding Ca2+ fluores-
cence excitation from the Monte Carlo modeling. It therefore is a promising tool for the
investigation of the coupling between electrophysiology and cellular Ca2+ signals in the
neuroscience research field.
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