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Abstract 

 

The ability to carry out stable chronic mapping and manipulation of single neurons at 

the action potential level with high temporal resolution could significantly benefit both 

fundamental neuroscience research and biomedical applications, including cognitive 

studies, memory encoding and retrieval, and neural prostheses. Over the past century 

various technologies have been developed to study neurons and neural activity. Of these 

technologies, implantable electrical probes provide higher spatiotemporal-resolution 

neural recordings independent of probing depth compared with other techniques. 

However, conventional implanted electrical probes, such as silicon probes and microwire 

probes, generally trigger immune responses that lead to glial scar formation and neuronal 

cell depletion at the interface between tissue and probe. The Lieber group has previously 

reported ultra-flexible mesh electronics that can be delivered into nonliving and living 

systems by syringe injection. In this thesis, I present systematic studies of the interface 

between ultra-flexible mesh electronics and in vivo neural tissue, including the mouse 
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brain and spinal cord, as well as functional applications of ultra-flexible mesh electronics 

implanted in the central nervous sysem (CNS). First, I introduce design, fabrication and 

in vitro injection of ultra-flexible mesh electronics. Second, I present systematic histology 

studies of the interface between ultra-flexible mesh electronics and brain tissue and 

compare them with conventional flexible thin-film probes at multiple time points 

post-implantation, illustrating the seamless integration of mesh electronics with minimal 

chronic immune response in the brain. Third, I present studies of mesh electronics 

implanted in mouse brains for stable long-term chronic brain mapping and manipulation 

at the single-neuron level. Fourth, I demonstrate a unique method to implant ultra-flexible 

mesh electronics into the spinal cord of mice through minimally invasive syringe 

injection, as evidenced by post-implantation behavior studies and histology of the 

tissue-probe interface. Finally, I present chronic electrophysiological recordings of spinal 

cord neurons by implanted mesh electronics, as well as biomedical applications of mesh 

electronics implanted in the mouse spinal cord. 
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Chapter 1.  Introduction 

The central nervous system (CNS), which receives and processes information from and 

coordinates all parts of the body, is an essential part of animals (1-4). Although 

substantial progress has been made over the past century in research on the central 

nervous system, many important questions still remain to be answered in fundamental 

neuroscience (5-9), and millions of people worldwide still suffer from neurodegenerative 

diseases due to lack of proper therapies (10-12). Thanks to the rapid development of 

technology, a number of novel methods have been developed to study the central nervous 

system, which has accelerated the growth of this research area (13-16). Existing 

technologies/methods have both advantages and limitations. New approaches are required 

to overcome these limitations and address both fundamental questions in neuroscience 

research and the need for biomedical applications (17-21). 

 

1.1 Existing methods for study of the central nervous system, and challenges 

Stable chronic mapping and manipulation of single neurons with high temporal 

resolution at the action potential level could have significant impact on both fundamental 

neuroscience research and biomedical applications, including cognitive studies, memory 

encoding and retrieval, and neural prostheses (22-24). Over the past century, a number of 

different technologies have been developed to study neurons and neural activity.  

Functional magnetic resonance imaging (fMRI) measures brain activity by detecting 
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changes associated with brain blood flow. As a powerful technology to study large-area 

brain activity, it is capable of mapping whole-brain activity (Figure 1.1a), although its 

low spatiotemporal resolution precludes monitoring neural circuits at the cellular level 

(25-27). More recently, researchers have developed a new method of monitoring brain 

neural activity by measuring the change in diameter of blood vessels of the rodent brain 

in response to neuron action potentials (28); however, the spatiotemporal resolution of 

this approach is limited. Electroencephalography (EEG) (Figure 1.1b), with the electrodes 

usually placed on the scalp (although sometimes they are placed inside the skull, e.g., in 

electrocorticography), is a common clinical method to measure spontaneous brain activity. 

It can also provide whole-brain activity mapping (29, 30), but it suffers from the same 

problem as fMRI, and usually lower spatiotemporal resolution is achieved compared to 

fMRI. 

Optical imaging methods include calcium indicator imaging and voltage-sensitive 

indicator imaging (Figure 1.1c). The calcium indicator imaging method (16, 31-33) takes 

advantage of calcium indicators that can change their fluorescent properties in response 

to calcium ion binding. Changes in the local concentration of calcium ions with neuron 

action potentials can thus be measured by monitoring the change in fluorescence of 

calcium indicators. The voltage-sensitive indicator imaging method (34-36) takes 

advantage of fluorescent molecules that respond to the change in local voltage. The 

voltage-sensitive indicator imaging method usually has better temporal resolution than 
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calcium imaging due to their faster kinetics. Both of these methods can use genetically 

encoded proteins, making it easier for in vivo studies. They both have the ability to map 

at single-neuron spatial resolution and to simultaneously map many neurons, although 

limitations exist with respect to penetration depth, temporal resolution, specimen heating 

and incorporation of genetically-encoded reporters. 

Flexible surface electrode arrays (37-39; Figure 1.1d), for example Neurogrid (39), 

are also capable of mapping neural activity at the cellular level, but accessing deeper 

brain regions remains a problem, and spatial resolution is generally inferior to that of 

optical imaging methods. 

 
Figure 1.1 Methods of central nervous system study. (a) fMRI imaging of human brain 

(40). (b) A schematic of EEG recording of cortical activities (41). (c) Calcium indicator 

imaging and voltage sensitive indicator imaging of neurons (16, 35). (d) Flexible surface 

electrode arrays implanted on the surface of mammal brain (39). (e) An image of an 

implantable neural probe, Utah array; the inset shows single unit action potentials 

recorded using Utah array (42, 43). 
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Implantable electrical probes (Figure 1.1e) can usually provide higher spatiotemporal 

resolution neural recordings independent of probe depth compared to other techniques 

(42, 44). However, conventional implanted electrical probes, such as silicon probes (45, 

46) and microwire probes (44, 47), generally cause immune responses that lead to glial 

scar formation and neuronal cell depletion at the interfacial tissue/probe region (48-51; 

Figure 1.2). This is presumably due to the bending stiffness mismatch between rigid 

probes and softer neural tissue and the size mismatch between probes and their recording 

targets, single neurons, as well as mismatch in density of the material used for fabrication 

of probes (48, 52). 

Progress has been made in overcoming the limitations of implantable electrical 

probes by reducing mechanical stiffness and the size of features as well as the density of 

the probe material (53-55). For example, the Kipke group has developed a single-channel 

ultra-small carbon probe with diameter as small as 8 μm (54). The Anikeeva group has 

developed polymer fiber-based neural probes with bending stiffness values ca. 8% of a 

rigid microwire, and showed reduced accumulation of astrocytes (ca. 50%) around probes 

compared with microwires 1 and 2 weeks post-implantation (53). Despite these 

advancements, mechanical and structural mismatch still exists between these reported 

implantable electrical probes and the central nervous system. As a result, astrocytes and 

microglia can still be observed accumulating at the surfaces of these probes. A new 

paradigm of probe that is structurally, mechanically, and topologically similar to that of 
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the central nervous system is required for a stable probe-tissue interface. 

 

Figure 1.2 Glial scar caused by stiff conventional implanted neural probes. (a) Possible 

mechanisms of neural response to stiff neural probes. Neurons are in pink, astrocytes are 

in red, microglias are in blue. (b) Time course of glial scar formation at four time points 

as imaged by GFAP staining. (c) A more comprehensive cellular response to implanted 

probe using different cell-type-specific markers (NeuN, NF, ED1 and GFAP) at the 

microelectrode–brain tissue interface. The positions of the microelectrode are illustrated 

by the orange oval at the left of each image. (48) 

 

1.2 Syringe-injectable electronics 

To overcome the limitations of conventional implanted probes, the Lieber group has 

developed mesh electronics that can be loaded into and injected from a syringe (56), due 

to its ultra-flexible three-dimensional macroporous structure (Figure 1.3). Mesh 

electronics is designed to mimic natural neural tissue. Unlike other neural probes, which 

have solid planar or cylindrical structures, syringe-injectable mesh electronics features a 

three-dimensional macroporous structure similar to that of neural network. Its bending 

stiffness is ca. 0.1 nN•m, only ~10
-6

 that of a conventional silicon probe and similar to 
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that of brain tissue (57, 58). In addition, its macroporous open structure also allows cells 

to penetrate into the probe interior and communicate with cells on the other side of the 

probe, which is not possible with other methods. 

Mesh electronics can be introduced into non-living and living soft materials by 

syringe-injection. It can be injected into non-living systems such as synthetic structures or 

soft materials; for example, mesh electronics with silicon nanowire strain sensors was 

injected into polydimethylsiloxane (PDMS) cavities to measure strain (Figure 1.3b) or 

injected into Matrigel (Figure 1.3c) and later unfolded in the tested Matrigel (Figure 1.3d). 

In living systems, it can be injected into the animal brain, spinal cord, eye, ear, muscle, 

etc. In this thesis, I focus on injection of mesh electronics into the central nervous system, 

specifically the mouse brain and spinal cord. 
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Figure 1.3 Syringe-injectable mesh electronics. (a) An image showing the mesh 

electronics injected into 1X PBS solution. (b) Injection of mesh electronics into 3D 

polydimethylsiloxane (PDMS) cavity. (i) Image of a polydimethylsiloxane (PDMS) 

cavity before injection, where the cavity has a stepped internal structure. (ii) Mesh 

electronics embedded in a PDMS internal cavity after injection. (iii) Mesh electronics 

injected in PDMS cavity and work as a strain sensor. (c) A schematic of co-injection of 

mesh electronics with cells in to Matrigel. (d) A confocal image of mesh electronics with 

co-injected gels into Matrigel. The red and green colors correspond to SU-8 and β-tubulin, 

respectively. (e) A schematic showing injection of mesh electronics into mouse brain. 

(56) 

 

1.3 Overview 

This thesis focuses primarily on implantation of mesh electronics into two important 

parts of the central nervous system, the brain and the spinal cord, and its functional 
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applications implanted in these locations. Specifically, I present systemic histology 

studies of the brain-mesh interface, stable long-term chronic recordings from the mouse 

brain and implantation of the macroporous probe in the spinal cord, and functional 

applications of the mesh electronics. 

In Chapter 2, I introduce the overall design of 2D and 1D mesh electronics and the 

fabrication of free-standing mesh electronics, as well las loading and in vitro injection of 

syringe-injectable mesh electronics. 

In Chapter 3, I present minimally invasive implantation of syringe-injectable mesh 

electronics in the mouse brain and seamless integration. To demonstrate seamless 

integration of the mesh electronics with brain tissue, I discuss systemic time-dependent 

histology studies of the mesh electronics-brain interface and compare the mesh interface 

with that of planar thin-film probes. 

In Chapter 4, I first present stable long-term chronic mouse brain mapping at the 

single neuron level. Second, multifunctional mesh electronics for chronic brain 

stimulation and recording is presented. Third, I present longitudinal studies of aging mice 

at the single-neuron level. Finally, I present studies of chronic brain recording in freely 

behaving mice. 

Chapter 5 covers minimally invasive implantation of syringe-injectable mesh 

electronics in the spinal cord and its functional applications. First, I present the 

implantation methodology of mesh electronics in the mouse spinal cord. Second, I show 
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post-implantation mean square displacement (MSD) studies, rotarod test studies and 

post-implantation histology studies. Third, I present chronic recording studies from 

mouse spinal cord neurons. Fourth, simultaneous recordings from primary motor cortex 

(mCTX) and spinal cord (SC) with optical stimulations in the mCTX are shown, followed 

by sensory stimulus recording from the mouse spinal cord following cutaneous electrical 

stimulation. Finally, I present studies of syringe-injectable mesh electronics implanted in 

the mouse spinal cord as neural prostheses. 
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Chapter 2.  Design, fabrication and syringe-injection of 

mesh electronics 

2.1 Introduction 

Implantable electrical probes are widely used in both fundamental neuroscience 

research and biomedical applications. They usually provide high spatiotemporal 

resolution neural recordings independent of probing depth. They can also provide an 

effective way to manipulate the brain and other neural tissue for treatment of Parkinson’s 

disease (PD) and other neurodegenerative diseases (1-3). The first trial of probe-tissue 

interaction dates back to the 1790s, when Luigi Galvani inserted a metal wire across the 

vertebral canal of a frog (4). Other neural probes, for example, silicon probes, (5-8) 

iridium microelectrodes (9) and other microwire probes (10-13) were also developed later. 

However, these probes generally cause immune responses that lead to glial scar formation 

and neuronal cell depletion at the interfacial tissue/probe region (13, 14). This is likely 

due to the bending stiffness mismatch between rigid probes and softer neural tissue as 

well as the size mismatch between probes and their recording targets (15). 

To overcome the limitations of conventional probes, a new paradigm of probe that is 

structurally, mechanically, and topologically similar to tissues of the central nervous 

system needs to be developed for fundamental neuroscience and biomedical applications 

(15-17). 

Mesh electronics is designed to mimic natural neural tissue (17). It has a 
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three-dimensional macroporous mesh-like structure similar to neural networks. It is 

ultra-flexible and can be loaded into and injected from syringe needles,(18) and thus can 

be implanted into neural tissue instead of being confined to the surface, which would only 

allow recording of neural signals from the very top layer of the neural tissue if any 

(19-21). In this chapter I present design, fabrication and injection of syringe-injectable 

mesh electronics. 

  

2.2 Results and Discussion 

2.2.1 Design of 2D and 1D mesh electronics 

Mesh electronics consists of an individually addressable array of recording electrodes 

at one end connected by passivated metal lines to input/output (I/O) pads located at the 

opposite end of the mesh structure. The insulated metal interconnects are encapsulated by 

two layers of SU-8 photoresist, an epoxy-based biocompatible polymer. 

The standard design of mesh electronics is a two-dimensional mesh-like structure 

prior to release from the substrate (Figure 2.1). The total width of mesh electronics, W, 

usually has a range of 0.5~4 mm. The width of longitudinal SU-8 elements, w1, is usually 

20 μm (this parameter can be increased or decreased as needed), which is similar to the 

size of neuron soma. The width of transverse SU-8 elements, w2, is usually 20 μm (again, 

this parameter can be increased or decreased based on need). The angle between 

longitudinal and transverse elements, α, is 45°. The spacing of the transverse elements (L1) 
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is 333 μm and that of the longitudinal elements (L2) is 250 μm. The spacing value can be 

adjusted based on need; for example, longitudinal spacing can be increased for a larger 

open window or decreased to allow a higher number of channels without affecting the 

total width of the mesh electronics. The gold interconnect line width, wm, is usually 

designed to be half the width of the longitudinal SU-8 elements (w1). In the case of w1 = 

20 μm, wm = 10 μm. 

 

Figure 2.1 Schematics of standard 2D mesh electronics and its unit cell. (a) Schematic of 

the macroporous 2D mesh electronics. Blue lines highlight the SU-8 passivation layers, 

the horizontal orange lines indicate Au metal interconnects between input/output (I/O) 

pads (red filled circles, indicated by the red arrow) and Pt recording electrodes (green 

filled circles), respectively. The yellow box on the left highlights the Pt recording 

electrodes. The green-dashed box in the middle highlights metal interconnects. (b) 

Zoomed-in view of the recording electrodes highlighted by yellow box in (a). (c) 

Zoomed-in view of the mesh electronics highlighted by green-dashed box in (a). (d) 

Zoomed-in view of a single unit cell of the mesh electronics (black-dashed box in (c)) 

with the same color codes as in (a, c). Polymer ribbons (blue) with and without metal 

interconnects (orange) corresponds to longitudinal and transverse elements, respectively. 

L1 and L2 show spacing between longitudinal and spacing between transverse elements, 

respectively; w1 and w2 are widths of the longitudinal and transverse mesh elements, 

respectively; and wm is the width of metal interconnect lines. 

Beyond the standard design of mesh electronics (2D mesh electronics), we also 
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considered an alternative version in which the transverse ribbons of the implanted portion 

of the mesh electronics were entirely removed (1D mesh electronics). (Figure 2.2) The 

1D mesh electronics probe bears a resemblance to microwire but instead incorporates 

ultra-flexible probes with excellent stiffness matching to soft tissues.  

 

Figure 2.2 Schematic of 1D mesh electronics. (a) Schematic of 1D mesh electronics. 

Blue lines highlight the SU-8 passivation layers, the horizontal orange lines indicate Au 

metal interconnects between input/output (I/O) pads (red filled circles, indicated by the 

red arrow) and Pt recording electrodes (green filled circles), respectively. The yellow box 

on the left highlights the Pt recording electrodes. (b) Zoomed-in view of the recording 

electrodes highlighted by yellow box in (a). There is no transverse ribbon in the portion 

of mesh electronics with recording electrodes. 

The free-standing mesh electronics were fabricated using standard photolithography 

procedures. 2D and 1D mesh electronics are similarly fabricated. Key steps (Figure 2.3) 

of the fabrication are described in Chapter 2.3; in brief: (i) A Ni sacrificial layer with a 

thickness of 100 nm was thermally evaporated (Sharon Vacuum) onto a 3" Si wafer (ii) A 
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420 nm layer of negative photoresist SU-8 (SU-8 2000.5; MicroChem Corp.) was 

spin-coated on the Si wafer then patterned by photolithography (PL). (iii) PL and thermal 

deposition were used to pattern and deposit metal interconnects Cr/Au (5/100 nm) and Pt 

sensing electrodes Cr/Pt (5/50 nm) on the SU-8 layer. (iv) Step ii was repeated to pattern 

an SU-8 passivation layer, serving as the top insulating layer of the metal interconnects. 

 

Figure 2.3 Schematic of step-by-step fabrication procedure of mesh electronics. 

Components include silicon wafer (brown), nickel relief layer (green), polymer ribbons 

(blue), metal interconnects (black) and exposed metal electrodes (red). For each step (a-g) 

both top and side views are shown, where the side view corresponds to a cross-section 

taken at the position indicated by the white horizontal dashed line in the top view image 

of (a). (h) Zoomed-in views of regions highlighted by blue (exposed Pt electrodes) and 

green dashed boxes (fully passivated interconnects) in (g). 

2.2.2 Mechanical properties of mesh electronics and comparison with other probes 

All features of mesh electronics are comparable in size to or smaller than neuron 

soma. Moreover, its thickness is smaller than the diameter of axons. As a result, it has a 

low bending stiffness, considering that effective bending stiffness is proportional to the 
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cubic of probe thickness (18). Mesh electronics has a bending stiffness value of only ~0.1 

nN•m (22). The bending stiffness of other probes, in contrast, is orders of magnitude 

larger (more rigid) than that of mesh electronics. For example, the effective bending 

stiffness per width of standard silicon probes is 4.6 x 10
5
 nN•m; the effective bending 

stiffness per width of ultrasmall carbon electrodes is 3.9 x 10
4
 nN•m (18). The unique 

mechanical properties of mesh electronics endow it with excellent in vivo tissue 

interaction, a subject which will be discussed in the following chapters. 

2.2.3 Injection of 2D and 1D mesh electronics 

Mesh electronics has an ultra-flexible three-dimensional macroporous structure, 

which allows it to conform its shape during loading into and injection out of a needle into 

tissue or other media. (Figure 2.4) Figure 2.5a and b show mesh electronics floating in 

aqueous solution. It can be observed that the mesh electronics is suspended in the 

aqueous solution similarly to colloids, with apparent light scattering. Figure 2.5c shows 

mesh electronics loaded in a glass needle. 
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Figure 2.4 Schematics illustrating loading the mesh electronics into a glass capillary 

needle and subsequently injecting into a medium. (a) The mesh electronics (dark blue) 

suspended in aqueous solution (light pink) was drawn into glass needle such that the I/O 

pads (yellow dots, indicated by green arrows) of the mesh enter the needle first. (b) Mesh 

electronics fully loaded into the glass needle; red dashed-box highlights mesh at needle 

tip. (c) Injection of mesh electronics into target medium. Black arrows indicate the fluid 

flow direction during the loading or injection process. 

 



22 
 

 

Figure 2.5 Mesh electronics suspended in aqueous solution and loaded in needle. (a) An 

image of mesh electronics suspended in PBS in a plastic beaker. (b) A microscopic image 

of mesh electronics suspended in PBS. (c) An image of mesh electronics loaded in glass 

capillary needle. 

Mesh electronics can be loaded into and injected out of both clinical metal needles 

and glass needles. Figure 2.6a and Figure 2.6b show injection of mesh electronics 

through 18-and 20-gauge metal needles, respectively. Figure 2.6c shows injection of 

mesh electronics in glass capillary needles. It should be noted that both standard 2D mesh 

electronics and 1D mesh electronics can be introduced by syringe-injection. 0.5% agarose 

hydrogel was used to test the injection of 2D and 1D mesh electronics. This soft material 

model was used due to the strong match of Young’s moduli and shear moduli with neural 

tissue in the hydrogel, as well as for its transparency, which aids visual inspection. Figure 

2.7a shows 2D mesh electronics injected into 0.5% agarose hydrogel and Figure 2.7b 

shows 1D mesh electronics injected into 0.5% agarose hydrogel. The injected 2D mesh 

electronics maintains an overall ca. cylindrical structure while the 1D mesh electronics 

shows regions of compression among longitudinal ribbons in some areas. These 

observations indicate that the ultra-flexible 2D mesh electronics may be better for 

biological applications, as a larger volume of tissue can be consistently accessed within 
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the probe length. 

 

Figure 2.6 Injection of mesh through metal needle of 18 gauge (a) and 20 gauge. (c) 

Injection of mesh through glass needle. 

 
Figure 2.7 2D (a) and 1D (b) mesh electronics injected into 0.5% agarose hydrogel as a 

brain tissue mimic. Insets are of separate injections. Inset scale bars = 100 μm.  

 

2.3 Methods and Materials 

2.3.1 Fabrication of mesh electronics  

The free-standing mesh electronics were fabricated using standard photolithography 



24 
 

procedures. The key steps of mesh electronics fabrication are as follows. (i) A 100 nm 

thick sacrificial layer of Ni was thermally evaporated onto a 3" Si wafer (600-nm thermal 

oxide, Nova Electronic Materials), which was pre-cleaned in oxygen plasma (50 W, 1 

min). (ii) Negative photoresist SU-8 (SU-8 2000.5; MicroChem Corp.) was spin-coated 

on the wafer to a thickness of ca. 420 nm, pre-baked sequentially at 65 °C for 1 min and 

95 °C for 4 min, and then patterned to the bottom layer mesh structure by 

photolithography (PL). After PL exposure the sample was post-baked sequentially at 

65 °C for 1 min and 95 °C for 3 min. (iii) The SU-8 photoresist was then developed 

(SU-8 Developer, MicroChem Corp.) for 1.5 min, rinsed with isopropanol, dried in a N2 

flow and hard-baked at 180 °C for 1 h. (iv) The wafer was then cleaned in an oxygen 

plasma (50 W, 1 min), spin-coated with MCC Primer 80/20 and LOR 3A lift-off resist 

(MicroChem Corp.), and baked at 180 °C for 5 min. After cooling, the wafer was 

spin-coated with Shipley 1805 positive photoresist (Microposit, Dow Chemical 

Company), baked at 115 °C for 4 min, and the pattern for metal features defined by PL 

and developed in MF-CD-26 (Microposit, Dow Chemical Company) for 90 s. A flood 

exposure was then performed on the sample. (v) A 5-nm thick Cr layer and a 100-nm 

thick Au layer were thermally evaporated, followed by a lift-off step using CD-26. (vi) 

Steps iv and v were repeated for patterning and deposition of the Pt sensing electrodes 

(Cr/Pt, 5 nm/50 nm). (vii) Steps ii and iii were repeated for patterning the top SU-8 layer, 

which was aligned to the bottom SU-8 layer and served to fully encapsulate the metal 
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interconnect lines but not the Pt sensing electrodes, with the exception of hard-baking 

performed at 190 ˚C. (viii) Finally, the Si wafer was cleaned in an oxygen plasma (50 W, 

1 min), and then transferred to a Ni etchant solution (40% FeCl3:39% HCl:H2O = 1:1:20) 

to remove the sacrificial Ni layer and release the mesh electronics from the Si substrate. 

Free-standing probes were rinsed at least 4 times in DI water and transferred to sterilized 

1X phosphate buffered saline (PBS) before injection. 

2.3.2 Preparation of agarose hydrogel for injections 

0.5% agarose hydrogel was prepared by mixing 0.5 g agarose (SeaPlaque® Lonza 

Group Ltd., Basel, Switzerland) with 100 mL 1X Tris-acetate-EDTA (TAE) buffer in a 

glass beaker. The beaker was heated to boiling on a hot plate at 250 ˚C. The solution was 

allowed to naturally cool to room temperature where it exists as a hydrogel with 

mechanical properties similar to those of brain tissue. 

2.3.3 In vitro injection of mesh electronics 

Mesh electronics probes were injected into hydrogel by a field of view (FoV) method 

previously reported (23). In brief, 0.5% agarose hydrogel was placed in a Petri dish or a 1 

cm x 1 cm cuvette. The glass needle loaded with mesh electronics was inserted into the 

micropipette holder and connected to a 5 mL syringe (Becton Dickinson and Company, 

Franklin Lakes, NJ) through a polyethylene intrademic catheter tubing (I.D. 1.19 mm, 

O.D. 1.70 mm). The 5 mL syringe pre-filled with 1X PBS was mounted on a syringe 
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pump (PHD 2000, Harvard Apparatus, Holliston, MA). The micropipette holder was 

mounted on a motorized stereotaxic stage (860A motorizer and 460A linear stage, 

Newport Corporation, Irvine, CA). The needle was then inserted into the hydrogel to the 

desired depth of 4 mm with respect to its surface. Controllable injection was carried out 

by synchronizing the syringe pump with the motorized linear translation stage, with a 

typical liquid injection rate of 5-25 mL/h and a typical translational stage retraction 

velocity of 0.5 mm/s. The volumetric flow rate and the needle retraction velocity were 

adjusted such that the upper part of the mesh electronics remained stationary in the field 

of view (FoV) of the camera. After the glass needle was fully retracted from the hydrogel, 

the injection rate was set to 100 mL/h to rapidly expel the rest of the mesh electronics 

from the needle onto the surface of the hydrogel.  

 

2.4 Conclusion and Future Opportunities 

In this chapter, I discussed rational design of free-standing three-dimensional 

macroporous mesh electronics for minimally invasive delivery by syringe-injection. Its 

ultra-flexibility enables it to be suspended in the aqueous solution similarly to colloids, 

with apparent light scattering. The mesh electronics can be designed as both 2D mesh 

with macroporous structure and 1D mesh in which the transverse ribbons of the 

implanted portion of the mesh electronics are entirely removed. Both standard 2D mesh 

electronics and 1D mesh electronics can be delivered via syringe-injection into 0.5% 
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agarose hydrogel, which mimics the neural tissue. The injected 2D mesh electronics 

maintains a somewhat cylindrical structure while the 1D mesh electronics demonstrates 

regions of compression among longitudinal ribbons in some areas. These observations 

indicate that 2D mesh electronics may be better for biological applications as it can 

access a larger volume of tissue consistently within the probe length. 

Beyond the standard 2D mesh design and 1D mesh design, the design parameters of 

mesh electronics can be further varied. The total width of mesh electronics, width of 

longitudinal and transverse SU-8 elements or gold interconnect, as well as the angle 

between longitudinal and transverse elements, α, can all be adjusted to suit different 

purposes, such as matching the feature size of subcellular structures, etc. Looking beyond 

injection of mesh electronics through clinical metal needles and straight glass capillary 

needles, in future work mesh electronics delivered through, for instance, more flexible 

curved needles could facilitate applications in organs or tissues of irregular shape, such as 

the eyes (24), ears (25, 26), or spinal cord (27, 28), or aid in comprehensive mapping of 

the hippocampus (29, 30) and other brain regions. 
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Chapter 3.  Minimally invasive implantation and 

seamless integration of syringe-injectable mesh 

electronics in the brain 

3.1 Introduction 

The ability to carry out stable chronic mapping of single neurons with temporal 

resolution on the scale of action potentials could significantly advance progress on both 

fundamental questions in neuroscience and biomedical applications (1-3). While 

functional magnetic resonance imaging (fMRI) (4, 5) enables mapping of whole-brain 

activity, the low spatiotemporal resolution (6) of this method precludes monitoring neural 

circuits at the cellular level. Optical imaging (7, 8) is capable of mapping at single-neuron 

spatial resolution, but applications have been limited by penetration depth, temporal 

resolution, specimen heating and incorporation of genetically encoded reporters (9). 

Flexible surface electrode arrays (10-12) are also capable of mapping neural activity at 

the cellular level, but are not capable of accessing deeper brain regions, and generally 

have spatial resolution inferior to optical imaging. Compared with these techniques, 

implantable electrical probes provide the advantage of high spatiotemporal resolution 

neural recordings independent of probe depth (6). However, conventional implanted 

electrical probes, such as silicon and microwire probes (13, 14), generally cause immune 

responses that lead to glial scar formation and neuronal cell depletion at the interfacial 

tissue/probe region (15-18), affecting the stability of electrophysiological recording.  
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Recent studies have investigated the potential advantages of reducing mechanical 

stiffness (19-21), feature sizes (22) and density of material used for fabrication of probes 

(15) in terms of decreased gliosis. For examples, polymer fiber-based neural probes with 

bending stiffness ~8% of a rigid microwire show reduced accumulation of astrocytes (ca. 

50%) around probes compared with microwires 1 and 2 weeks post-implantation (20). 

However, astrocytes and microglia are still observed to accumulate around the fiber probe 

surfaces, presumably due to the bending stiffness mismatch with soft neural tissue. 

To address the limitations of conventional rigid devices the Lieber research group has 

introduced a new paradigm for implantable multi-electrode probes based upon an 

ultra-flexible open mesh structure (23-26), where the mesh has a unique combination of 

structural and mechanical features. Specifically, the mesh has size features comparable to 

or smaller than neuron soma and bending stiffness values of ~0.1 nN•m, comparable to 

~0.4 nN•m for a 150 μm-thick brain tissue slice (27, 28) (i.e., the same as the overall 

implanted open mesh diameter) and orders of magnitude smaller (more flexible) than 

conventional probes (14, 29, 30). Herein, we present systematic time-dependent histology 

studies of the mesh electronics/brain tissue interface obtained from tissue sections 

perpendicular (horizontal slices) and parallel (sagittal slices) to the long axis of probes, as 

well as time-dependent measurements obtained from horizontal tissue sections containing 

cross-sections of implanted conventional flexible thin-film polymer probes. These studies 

provide new insight into the evolution of chronic immune response and tissue remodeling 
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in the open mesh electronics versus conventional polymer thin-film probes. Moreover, 

they demonstrate that the macroporous structure of the mesh electronics enables 

three-dimensional (3D) interpenetration of axonal projections and even neuron somata 

with the mesh electronics. 

 

3.2 Results and Discussion 

3.2.1 Time-dependent histology of horizontal brain slices containing implanted mesh 

electronics and flexible thin-film probes 

The free-standing mesh electronics were fabricated using standard photolithography 

procedures as described in detail in Chapter 2.3. The mesh electronics (Figure 3.1a) 

consists of an individually addressable array of recording electrodes at one end connected 

by passivated metal lines to input/output (I/O) pads located at the opposite end. The 

insulated metal interconnects are encapsulated by two layers of SU-8 photoresist, an 

epoxy-based biocompatible polymer (31). The longitudinal and transverse polymer 

elements of the mesh electronics have thicknesses of ca. 900 nm and widths of 20 μm. 

We have also used polyimide flexible thin-film probes with thickness of 25 μm, 

comparable to the lower end of the range, 20–100 μm, used in reported studies (29, 30, 32, 

33); the widths of these thin-film probes, 500 μm, are comparable to the outer diameter of 

the capillary needle used for injection of mesh electronics, ca. 650 μm. Analysis of the 

bending stiffness for the mesh electronics and flexible thin-film probe structures (See 
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Chapter 3.3 for details) yields a value for the longitudinal (Figure 3.1a) stiffness of the 

mesh electronics, 0.104 nN•m, that is more than 104 times smaller (i.e., more flexible) 

than the 3.3 × 103 nN•m value for the polyimide thin-film probe. 

Ultra-flexible and macroporous mesh electronics, with more than 90% free space, 

can be suspended in aqueous solution (Figure 3.1b), drawn into a glass capillary syringe 

needle (Figure 3.1b and c), and then implanted in a targeted mice brain region by 

stereotaxic injection (Figure 3.1c and d; Chapter 3.3). Following stereotaxic injection of 

mesh electronics or insertion of polymer thin-film probes, the mouse brains were fixed at 

specific time points post-implantation, then prepared for analysis as either horizontal 

brain sections containing embedded mesh or thin-film cross-sections (Figure 3.1e), or 

sagittal sections parallel to the mesh probe longitudinal axis (See Chapter 3.3 for details). 

The ability to section the brain tissue with embedded probes enables clear cellular-scale 

visualization of the tissue-electronics interface, in contrast to more rigid probes that must 

be removed prior to sectioning (16). 
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Figure 3.1 Schematics of mesh electronics and implantation of mesh electronics for 

histology studies. (a) Schematics of the mesh electronics structure in 2D. (I) Overall 

design of mesh electronics structure, where the blue lines highlight the overall mesh 

structure, the black filled circles at left indicate input/output (I/O) pads and the red filled 

circles indicate recording electrodes. (II) A single unit cell of mesh electronics, where the 

orange lines, which are shown without top polymer layer, highlight the metal 

interconnects and blue lines correspond to polymer passivation layer; w1, w2 and wm in 

dicate the widths of the longitudinal polymer, transverse polymer and metal lines, 

respectively. The schematic in the green dashed box highlights the cross-section view, 

which shows the polymer encapsulated metal structure, at the postion indicated by the 

green dashed line. (b) Schematic of free-standing mesh electronics floating in aqueous 

solution and ready to be loaded into a glass needle. (c) Schematic of mesh electronics 

injected into mouse brain, with part of the mesh sagging between the brain and the needle. 

(d) Schematic of mesh electronics implanted in brain tissue with horizontal (yellow plane) 

and sagittal (green plane) sectioning directions highlighted in the inset. (e) Schematics of 

the interface between mesh electronics and the brain tissue (left, cross-section view) and 

that between flexible thin-film and the brain tissue (right, cross-section view). Mesh 

elements and the flexible thin-film are highlighted in blue, neurons are in purple and glial 

scar is in yellow. 

Confocal fluorescence microscopy images of time-dependent horizontal brain tissue 
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samples containing mesh electronics or flexible thin-film probes from 2 weeks, 4 weeks 

and 3 months post-implantation (hereafter, all times refer to post-implantation) are shown 

in Figure 3.2. The tissue samples were stained with monoclonal antibodies for neuronal 

nuclear antigen (NeuN, green), neurofilaments (NF, red) and glial fibrillary acidic protein 

(GFAP, cyan) to label neuron somata, axons and astrocytes, respectively (See Chapter 3.3 

for details). The positions of the mesh electronics elements in horizontal section images 

(blue) were extracted from differential interference contrast (DIC) microscopy images 

and positions of flexible thin-film probes (blue) were acquired using the same method. In 

addition, adjacent tissue slices to those shown in Figure 3.2 were stained with antibody 

for ionized calcium-binding adapter molecule (Iba-1, magenta) to label microglia (Figure 

3.3). Confocal fluorescence microscopy images of tissue samples reveal several 

important points. First, images from the 2-week mesh electronics-implanted samples 

(Figure 3.2a and Figure 3.3a) show that axons (NF) interpenetrate the mesh boundary to 

the probe interior, there is little overexpression of microglia (Iba-1), and there is only a 

slight accumulation of astrocytes (GFAP). In contrast, strong accumulation of astrocytes 

and a 20-50 μm neuron depletion zone (i.e., greatly reduced NeuN and NF) were 

observed around flexible thin-film probes at 2 weeks (Figure 3.2d), as well as substantial 

accumulation of microglia (Figure 3.3d). 
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Figure 3.2 Time-dependent histology of horizontal tissue slices containing implanted 

mesh electronics and flexible thin-film probes. Confocal fluorescence microscopy images 

of horizontal tissue slices containing mesh electronics/flexible thin-film probes at 2-week 

(a)/(d), 4-week (b)/(e), and 3-month (c)/(f) post-implantation. In all of the panels the 

image labels were NeuN (I, green), NF (II, red), GFAP (III, cyan), and NeuN, NF, GFAP 

composite (IV). The mesh electroincs and flexible thin-film cross-sections are 

pseudo-colored blue. Scale bars in all images are 100 μm . 

 

Figure 3.3 Time-dependent histology of chronically implanted mesh electronics (a-c) and 

flexible thin-film probes (d-f) in mice brains (horizontal sections). Tissue slices are 

labeled with Iba-1 (magenta) to highlight microglia; mesh electronics and flexible 

thin-film probes were imaged by DIC and are pseudo-colored blue. Scale bars in all 

images are 100 μm. 
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Second, images from the intermediate 4-week mesh electronics-implanted samples 

(Figure 3.2b and Figure 3.3b) show that (i) there is no astrocyte and little or no microglia 

accumulation near the mesh elements, (ii) axons interpenetrate into the interior region and 

the tissue is continuous within and across the boundaries of the mesh, and (iii) there are 

neuron somata near and/or adjacent to the interior boundary of mesh elements. 

Significantly, images from 3-month mesh electronics-implanted samples (Figure 3.2c and 

Figure 3.3c) exhibit axons and neuron somata within the mesh electronics interior at 

levels close to the signals hundreds of microns away, and background levels of astrocytes 

and microglia around the mesh elements. It is also worth noting that the penetration of 

axons and neuron somata into the mesh interior does not correlate with statistically 

significant contraction of the mesh. Specifically, acute micro-computed tomography 

(micro-CT) images of mesh electronics implanted into mouse brains (Figure 3.4) show 

similar mesh diameters as estimated from the optical microscopy studies of horizontal 

sections from samples at 2, 4 and 12 weeks (Figure 3.2a-c). In contrast, images of 4-week 

and 3-month flexible thin-film probe-implanted samples (Figure 3.2e and f) maintain a 

substantial accumulation of astrocytes and depletion of neuron somata around the thin 

film that is consistent with glial scarring (30, 33). 
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(Continued) Figure 3.4 Micro-CT images of two different mesh electronics implanted 

into mouse brain in an acute manner. Diameter measurements of each mesh at 10 

randomly selected positions (blue-dashed lines) resulted in average diameters of 163  40 

μm for the mesh in (a) and 215  44 μm for the mesh in (b). 

3.2.2 Quantitative analysis of time-dependent histology studies 

To quantify the above observations, we have analyzed confocal microscopy images of 

different antibody cell marker distributions as a function of distance from the surface of 

the mesh and thin-film probes at 2 weeks, 4 weeks and 3 months, as shown in Figure 3.5. 

In these plots, the relative specific cell marker signal was obtained by normalizing 

fluorescence intensity to the baseline value defined as the fluorescence intensity averaged 

over a range of 500-520 μm away from the probe (See chapter 3.3 for details). Several 

key findings are evident from these plots. First, at all times the mesh electronics shows 

smaller increases in GFAP (astrocytes) and Iba-1 (microglia) signals near the probe 

surface than the flexible thin films. For 2-week samples, the GFAP (Figure 3.5c) and 

Iba-1 signals (Figure 3.5d) at the surface of flexible thin-film probes were 1.3 and 1.7 

times the maximum for the mesh electronics, respectively. Importantly, the 4-week and 

3-month mesh electronics-implanted samples show that the GFAP (Figure 3.5g and k) 

and Iba-1 (Figure 3.5h,l) signals return to baseline at the surface of the mesh electronics, 

while remaining elevated by approximately 2 and 1.3 times, respectively, at the flexible 

thin film probe surfaces. In addition, these data show that both astrocytes and microglia 

penetrate to the interior of the mesh electronics, reaching baseline levels at 3 months; that 

is, there is a near-normal distribution of these cells across the entire sample. 
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Figure 3.5 Fluorescence intensity as a function of distance from the probe boundary for 

mesh electronics (black) and flexible thin-film probe (red) analyzed based on zoomed-out 

images of those shown in Figure 3.2 and Figure 3.3 with a field of view of 1275 μm x 

1275 μm. (A-D) Fluorescence intensity of NeuN, NF, GFAP, and Iba-1, respectively, for 

2-week post-implanted samples. (E-H) Fluorescence intensity of NeuN, NF, GFAP and 

Iba-1, respectively, for 4-week post implanted samples. (I-L) Fluorescence intensity of 

NeuN, NF, GFAP and Iba-1, respectively, for 3-month post implanted samples. The pink 

shaded regions indicate interior of mesh electronics. Details of methods that were used to 

determine the boundary of mesh electronics and to average and normalize fluorescence 

intensity values of pixels in the images were described in Chapter 3.3 and Figure 3.6. 

Error bars represent the standard error of the mean (s.e.m.). 

Second, the NeuN (neuron somata) signals show little or no decrease when 

approaching the mesh electronics probe surface for 4-week (Figure 3.5e) and 3-month 

(Figure 3.5i) samples, while at the same times there are 90% and 50% decreases near the 

surface of the flexible thin-film probes. Notably, these data also show that the NeuN 

signal is ca. 95% of baseline within the mesh electronics interior for 3-month samples 

(Figure 3.5i). In addition, at all times the NF (axons) signals for the mesh electronics 
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show little or no decrease near the probe surfaces, while NF signals decrease from 90% to 

10% from 2 weeks to 3 months near the flexible thin-film surface (Figure 3.5b, f and j). 

These data further show NF signals within the mesh electronics interior at all times, and 

that the interior NF signal is the same as baseline at 3 months. 

 

Figure 3.6 Schematic of the fluorescence intensity data analysis based on the zoomed-out 

image (3×3 composite image recorded directly in the Tile Scan mode, where each 

component image of the Tile Scan had a field of view of 425 μm × 425 μm) of Figure 

3.2b (IV) with a field of view of 1275 μm  1275 μm. The red-orange polygon indicates 

the mesh boundary that is drawn according to the method described in in Chapter 3.3. 

The green polygons in the image indicate groups of pixels that share the same distance 

from mesh boundary. The space between two adjacent green polygons is 20 μm. 

3.2.3 Histology of sagittal brain slice containing implanted mesh electronics 

The horizontal brain slices described above provide detailed information about the 

local tissue/probe interfaces for the mesh electronics and flexible thin-film implants, and 

also allow comparison with previous studies of more rigid conventional probes (29, 30, 

32, 33). These horizontal sections cannot, however, provide a global view of the 
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probe/tissue interface, which typically extends millimeters in depth within the mouse 

brain. As a step toward addressing this key issue we carried out histology studies on a 

sagittal brain section parallel to the mesh electronics injection axis and containing nearly 

the entire length of the probe within the tissue slice at 3 months post-implantation (see 

Chapter 3.3 for details). The confocal microscopy images (Figure 3.7a and b; Figure 3.6), 

which were recorded from both sides of the tissue slice at a depth of ~5 μm due to limited 

diffusion of the antibody labels through the ca. 200 μm thick sagittal slice (See Chapter 

3.3 for details), highlight several key points. First, there is no evidence for proliferation of 

astrocytes (GFAP) or depletion of axons (NF) adjacent to the mesh electronics elements, 

which span >1 mm in length for these ca. 1.3 mm × 1.3 mm images. Second, there 

appears to be nearly uniform penetration of axons through and density within the mesh 

probe elements, although there are some variations across the images as a whole. Third, 

while there are image-wide variations in the density of neuron somata (NeuN), 

examination of similar density regions indicates that neuron somata density is similar in 

the mesh electronics interior and adjacent exterior regions over length scales of at least 

0.5 mm (e.g., yellow-dashed box, Figure 3.7b). Analysis of the normalized fluorescence 

intensity for NeuN, NF and GFAP (Figure 3.7c) allows the above observations to be 

quantified (See Chapter 3.3 for details). For example, the GFAP and NF normalized 

signals analyzed for each side of the sagittal slice demonstrate a uniform distribution of 

astrocytes and axons, respectively, from ca. 0.5 mm away from the probe surface through 
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its interior along the ~1.3 mm length of the probe. In addition, analysis of NeuN signals 

from regions of relatively uniform distribution on both sides of the tissue slice clearly 

show that the density of neuron somata is approximately the same within the mesh 

interior as far away, over at least 0.4 to 0.5 mm lengths analyzed. 

These histology results for both horizontal and sagittal sections highlight several 

unique features of the implanted mesh electronics compared with conventional probes. 

First, the mesh electronics produces little inflammation at short times (2 weeks) 

post-implantation; moreover, there is essentially no evidence for immune response – no 

elevation of astrocytes or microglia, and no glial scar formation – at longer times. In 

contrast, conventional silicon, microwire and flexible thin-film probes, which have orders 

of magnitude greater bending stiffness (i.e., more rigid) elicit a substantial inflammatory 

response post-implantation as evidenced by the accumulation of astrocytes and microglia 

and of glial scar formation around these implanted probes (refs. 15-19; Figure 3.2d-f, 

Figure 3.3d-f and Figure 3.7). Second and perhaps most important, the mesh electronics 

does not adversely affect the distributions of neuron somata and axons adjacent to mesh 

electronics implant elements. Moreover, the macroporous open structure of the mesh 

electronics enables axons and neuron somata to penetrate into its interior with natural cell 

distributions over at least ca. millimeter length scales at longer times. On the other hand, 

conventional rigid and flexible thin-film probes usually introduce a 20-50 μm depletion 

region of neurons, and thus yield interfaces distinct from natural tissue (refs. 15-19; 



44 
 

Figure 3.2d-f, Figure 3.3d-f and Figure 3.7). Hence, the mesh electronics yields a 

seamless integration of probes with neural tissue not possible with more rigid 

conventional probes, and the penetration of neurons through the open mesh structure can 

yield a relatively large electrophysiological mapping area at only a very small cost (<1% 

vs. a solid probe) of occupation volume. 

 

Figure 3.7 Histology of a sagittal tissue slice containing the full implanted mesh 

electronics probe. (a-b)  Confocal fluorescence microscopy images of a sagittal tissue 

slice including the mesh electronics probe at 3-month post-implantation. Each of the 

images are 3×3 composite images recorded directly in the Tile Scan mode, where each 

component image of the Tile Scan had a field of view of 425 μm × 425 μm. The tissue 

slice was stained with antibodies for NeuN (green), NF (red) and GFAP (cyan); the mesh 

is shown as pseudo-colored blue. The images were recorded at an optical focal plane ca. 5 

μm below the surfaces of side-A (a) and side-B (b). (c) Fluorescence intensity as a 

function of distance from the boundary of the mesh electronics in images of side-A (a) 

and side-B (b). The pink shaded regions indicate interior of mesh electronics on each side. 

The NF and GFAP fluorescence intensity was analyzed based on the entire images, and 

the NeuN fluorescence intensity was analyzed based on the regions shown in 

yellow-dashed boxes in (a) and (b). Error bars represent s.e.m. 

 

3.3 Methods and Materials 
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3.3.1 Vertebrate Animal Subjects 

Adult male C57BL/6J mice (Jackson Laboratory) were used in this study. All 

procedures performed on the mice were approved by the Animal Care and Use 

Committee of Harvard University. The animal care and use programs at Harvard 

University meet the requirements of the Federal Law (89-544 and 91-579) and NIH 

regulations and are also accredited by the American Association for Accreditation of 

Laboratory Animal Care (AAALAC). Animals were group-housed on a 12 h:12 h 

light:dark cycle in Harvard University’s Biology Research Infrastructure (BRI) and fed 

with food and water ad libitum as appropriate. 

3.3.2 Stereotaxic surgery and probe implantation into mouse brains 

Key steps for in vivo implantation of mesh or polyimide flexible thin-film electronic 

probes into live mice brains include the following: (i) all probes were sterilized with 70% 

ethanol before use. Mesh electronics were sterilized with 70% ethanol and rinsed in 

sterile DI water, then transferred into sterile 1X PBS. Flexible thin-film probes (25 μm in 

thickness, ca. 500 μm in width) were sterilized with 70% ethanol and dried with nitrogen. 

(ii) Mice were anesthetized through intraperitoneal injection of a mixture of ketamine (75 

mg/kg, Patterson Veterinary Supply Inc.) and dexdomitor (1 mg/kg, Orion Corp.) and 

anesthesia verified via toe pinch before surgery. A heating pad (37 °C) was placed under 

mice during surgery to maintain appropriate body temperature. (iii) Mouse hair was 
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removed using lotion (Nair®, Church & Dwight) and iodophor was applied to sterilize 

the depilated scalp skin. (iv) A 1 cm longitudinal incision along the sagittal sinus was 

made and the skin was resected to expose a 5 mm by 5 mm portion of the skull. (v) A 1 

mm diameter hole was drilled using a dental drill (Micromotor with On/Off Pedal 

110/220, Grobet USA) with stereotaxic coordinates of anteroposterior, -1.70 mm, 

mediolateral, 2.00 mm, and the dura was removed. (vi) Flexible thin-film probes were 

inserted 4 mm into the mouse brain through the hole; mesh electronics were loaded into a 

glass capillary needle with inner diameter (I.D.) of 400 μm and outer diameter (O.D.) of 

650 μm (Produstrial LLC), and then injected into the mouse brain using our reported 

controlled injection procedure (25). The wound is sealed by applying METABOND 

enamel etchant gel (Parkell Inc.) over the exposed cranial bone and the skin was sealed 

by using 3M™ Vetbond™ Tissue Adhesive (Santa Cruz Biotechnology Inc.) Antibiotic 

ointment (WATER-JEL Technologies LLC) was applied copiously around the wound 

after surgery. The mouse was returned to a cage equipped with a 37°C heating pad and its 

activity monitored every hour until it fully recovered from anesthesia. Buprenex 

(Buprenorphine, Patterson Veterinary Supply Inc.) was administered intraperitoneally at a 

dose of 0.05 mg/kg body weight every 12 h for up to 72 h post-surgery. 

3.3.3 Preparation of horizontal and sagittal brain slices for immunohistochemistry 

Mice implanted with mesh or flexible thin-film probes at post-injection/implantation 

times of 2, 4 weeks and 3 months were anesthetized with ketamine and dexdomitor as 
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above, and then were transcardially perfused with 1X PBS, followed with 4% 

formaldehyde (Sigma-Aldrich Corp.) before decapitation. The scalp skin was removed 

and exposed skull at the probe insertion site was ground for 10-20 min at 10,000 RPM 

using a high-speed rotary tool (Dremel). The brain was resected from the cranium and 

placed in 4% formaldehyde for 24 h to fix brain tissue, and then transferred to 1X PBS 

for another 24 hours at 4 °C to remove remaining formaldehyde. The brain was 

transferred to incrementally increasing sucrose solutions (10–30%) (Sigma-Aldrich Corp.) 

at 4 °C to cryoprotect the tissue. Then the brain was transferred to optimum cutting 

temperature (O.C.T.) compound (Tissue-Tek® O.C.T. Compound, VWR) and frozen at 

-80 °C. The frozen sample was sectioned into 10-µm-thick horizontal slices using Leica 

CM1950 cryosectioning instrument (Leica Microsystems). 

Mice implanted with mesh electronics probes at 3 months post-implantation were 

transcardially perfused, and then the brains were resected as described above in the 

preparation of horizontal sections. The brains were placed in 4% formaldehyde for 24 h 

and then transferred to 1X PBS for another 24 hours at 4 °C to remove the remaining 

formaldehyde. The brains were then embedded in 3% agarose (SeaPlaque® Lonza Group 

Ltd.) hydrogel, cut into cubes of 1 cm (height)  2 cm (length)  2.5 cm (width) and 

imaged by micro-computed tomography (micro-CT) to define the polar angle θ in the 

spherical coordinate system (usually less than 15 degree) between the surface of the 

hydrogel and the longitudinal axis of the mesh probe. The hydrogel cubes were then cut 
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using a home-made sectioning machine according to measured angle θ to make one 

surface of the cube parallel to the longitudinal axis of the implanted mesh and also 

parallel to the mid-line of the brain. The cubes with this defined surface/probe orientation 

were then mounted on a vibratome (Vibrating Blade Microtome Leica VT1000 S, Leica) 

stage and sectioned into 200 μm slices. 

3.3.4 Immunohistochemistry 

Horizontal brain tissue sections were rinsed 3 times in 1X PBS and blocked using a 

blocking solution consisting of 0.3% Triton X-100 (Life technologies) and 5% goat serum 

(Life Technologies) in 1X PBS for 1 h at room temperature. Slices were then incubated 

with the primary antibodies, rabbit anti-NeuN (1:200 dilution, Abcam), mouse 

anti-Neurofilament (1:400 dilution, Abcam), rat anti-GFAP (1:500 dilution, Thermo 

Fisher Scientific Inc) or rabbit anti-Iba1 (1:400 dilution, Wako Chemicals) containing 0.3% 

Triton X-100 and 3% goat serum overnight at 4 °C. After incubation, slices were rinsed 9 

times for a total of 45 min with 1X PBS, before they were incubated with the secondary 

antibodies, Alexa Fluor® 488 goat anti-rabbit (1:200 dilution, Abcam), Alexa Fluor® 568 

goat anti-mouse (1:200 dilution, Abcam), and Alexa Fluor® 647 goat anti-rat (1:200 

dilution, Abcam), for 1 h at room temperature. Slices were then rinsed 9 times for a total 

of 30 min before they were mounted on glass slides with coverslips using ProLong® 

Gold Antifade Mountant (Life Technologies). The slides remained in the dark at room 

temperature for at least 24 h before microscopic imaging. Sagittal brain tissue sections 
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were rinsed 3 times in 1X PBS and blocked using a solution consisting of 0.3% Triton 

X-100 (Life Technologies) and 5% goat serum (Life Technologies) in 1X PBS for 6 h at 

room temperature. Slices were then incubated with the primary antibodies, rabbit 

anti-NeuN (1:200 dilution, Abcam), mouse anti-Neurofilament (1:400 dilution, Abcam), 

rat anti-GFAP (1:500 dilution, Thermo Fisher Scientific Inc) containing 0.3% Triton 

X-100 and 3% goat serum for 12 h at 4 °C and then flipped over for another 12 h at 4 °C. 

After incubation, slices were rinsed 3 times every hour for a total of 6 hours. Then they 

were incubated with the secondary antibodies, Alexa Fluor® 488 goat anti-rabbit (1:200 

dilution, Abcam), Alexa Fluor® 568 goat anti-mouse (1:200 dilution, Abcam), and Alexa 

Fluor® 647 goat anti-rat (1:200 dilution, Abcam), for 6 h and flipped over for another 6 h 

at room temperature. Slices were then rinsed 3 times every hour for a total of 6 hours 

before they were mounted on glass slides with coverslips using ProLong® Gold Antifade 

Mountant (Life Technologies). The slides remained in the dark at room temperature for at 

least 24 h before microscopic imaging. 

3.3.5 Imaging and image data analysis of horizontal and sagittal brain slices 

implanted with mesh electronics or flexible thin-film probes 

Confocal fluorescence microscopy images were acquired on a Zeiss LSM 880 

confocal microscope (Carl Zeiss Microscopy GmbH). Confocal images of 

antibody-labeled horizontal slices in Figure 3.2 and 3.3 were acquired using 488, 561 and 

633 nm lasers as the excitation sources for Alexa Fluor® 488, Alexa Fluor® 568 and 
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Alexa Fluor® 647, respectively, and a 1 Airy Unit (AU) pinhole. The mesh electronics in 

each slice was imaged with differential interference contrast (DIC) on the same 

microscope. Mesh electronics elements were extracted from DIC images as false blue 

color using MATLAB. The extracted images were then merged with corresponding 

confocal images using ImageJ software for composite images shown in Figure 3.2 and 

3.3. Images of flexible thin-film probes were acquired using the same method, where the 

flexible thin-film probes are assigned as false blue color in the composite images. 

Confocal images of the antibody-labeled sagittal slice in Figure 3.7 were acquired using 

the same excitation sources as above, a 3 AU pinhole, which yields an optical section 

thickness of ca. 9 μm, and imaging plane centered at ca. 5 μm below the surface of the 

sample. The mesh electronics in Figure 3.7 were imaged with reflection mode of the same 

confocal microscope by collecting reflected photons with zero Stokes shift off the highly 

reflective metal interconnect lines in the mesh and the same 3 AU pinhole. The mesh 

electronics elements were extracted from reflection images as false blue color using 

MATLAB and then merged with corresponding confocal images using ImageJ software 

for composite images shown in Figure 3.7. Both sides of the sagittal slice were imaged 

with the same method and shown in Figure 3.7a (side-A) and Figure 3.7b (side-B), 

respectively. 

Custom MATLAB software was used for analysis of the fluorescence intensity in 

confocal microscope images. Fluorescence intensities of Neurofilament (NF), NeuN, 
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GFAP and Iba-1 were analyzed based on zoomed-out images of those shown in Figure 

3.2 and 3.3 with a field of view of 1275 μm  1275 μm and the images in Figure 3.7. The 

analysis procedure was similar for all of these images, and follows the specific example 

of the horizontal slice shown in Figure 3.6, from a zoom-out of Figure 3.2b, IV. First, the 

mesh boundary was defined by a polygon (red-orange, Figure 3.6) that is drawn to 

encompass all mesh ribbons tangentially. This mesh boundary separates all pixels in a 

given image into ‘interior pixels’ (used for plotting within the pink shaded regions of 

Figure 3.5) and ‘exterior pixels’ (used for plotting outside the pink shaded regions of 

Figure 3.5). The distance of each pixel from mesh electronics was defined as its shortest 

distance to the boundary of mesh electronics (the red-orange polygon). Pixels in the 

image were grouped according to the distances from mesh electronics. As shown in 

Figure 3.6, all pixels on each of the green polygons share the same distance from the 

mesh boundary. The fluorescence intensity of each pixel was obtained and the intensity 

values for all pixels with distances binned over an interval of 20 μm were averaged, and 

then normalized by the baseline intensity defined as the average fluorescence intensity of 

all pixels 500-520 μm away from the mesh boundary. The same method was used for the 

fluorescence intensity analysis of images in Figure 3.2, 3.3 and 3.7, including the flexible 

thin-film probes. For Figure 3.7, NF and GFAP fluorescence intensity was analyzed based 

on entire images, while the NeuN fluorescence intensity was analyzed based on the 

regions shown in yellow-dashed boxes. These boxed regions were selected to have a 
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relatively homogeneous neuron distribution. The pink shaded regions in Figure 3.5 and 

3.7 indicate the interior of mesh electronics, and the zero distance corresponds to the 

surfaces of the mesh electronics and flexible thin-film probes. 

3.3.6 Micro-CT imaging and analysis 

Images (Figure 3.4) and the orientations of injected mesh electronics probes in fixed 

mouse brain tissue at different times post-implantation (acute – 3 months) were 

determined using an HMXST Micro-CT X-ray scanning system with a standard 

horizontal imaging axis cabinet (HMXST225, Nikon Metrology). Typical imaging 

parameters were 65 kV and 130 μA (no filter). Shading correction and flux normalization 

were applied before scanning to adjust the X-ray detector. CT Pro 3D software 

(Nikon-Metris) was used to calibrate centers of rotation and to reconstruct the images. 

VGStudio MAX software (Volume Graphics GMbh) was used for 3D rendering and 

analysis of the reconstructed images. 

 

3.4 Conclusion and Future Opportunities 

We have conducted systematic time-dependent histology studies of the interface of 

mesh electronics and flexible thin-film probes with brain tissue. The results show that 

implantation of mesh electronics leads to significantly less inflammation and damage to 

surrounding neurons than flexible thin-film probes at short timescales, and that mesh 

electronics exhibits essentially no evidence for chronic immune response and does not 
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adversely affect the natural distribution of neurons on longer timescales. The small 

amount of tissue damage and astrocyte proliferation observed in mesh electronics/tissue 

samples at 2 weeks post-implantation, which disappears by 4 weeks, can be attributed to 

acute damage during the initial implantation. It should be possible to reduce this acute 

damage by using smaller-diameter needles for mesh injection, and possibly speed the 

recovery time by co-injection with anti-inflammatory drugs (34, 35) and/or biochemical 

modification of the mesh electronics (36-39). More importantly, interpenetration of axons 

and neuron somata into the interior of mesh electronics enables the formation of a 

seamless interface between mesh electronics and neural tissue in a manner not previously 

achieved with more conventional probes. This observation of seamless integration and the 

ultra-flexibility of mesh electronics suggests that the mesh electronics could impact 

related areas such as implants to, for example, the spinal cord and neuromuscular 

junctions (40, 41), as well as opening a new window for brain–machine interfaces and 

cyborg animals (42-44). 
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Chapter 4.  Stable long-term chronic brain mapping at 

the single-neuron level 

4.1 Introduction 

Highly stable mapping and modulation of the same neural network with cellular 

spatiotemporal resolution over time periods extending from months to years could 

substantially impact work focused on illuminating fundamental neuroscience questions 

such as how existing neurons evolve into neural circuits with diverse dynamics through 

learning and developmental processes (1-6). Moreover, such advances could improve 

brain-machine interfaces (BMIs) by enabling reliable decoding from individual neurons 

versus ensemble averages of large population activities for prosthetic applications (7-12). 

In addition, this long-sought capability could open up opportunities for longitudinal, 

rather than cross-sectional, studies of aging-associated brain changes and abnormal 

cognitive declination caused by neurodegenerative diseases (13-18). Approaches such as 

noninvasive brain imaging (19, 20), surface (21) and endovascular probes (22) can 

provide long-term monitoring of brain activity, although their low spatiotemporal 

resolutions preclude investigations of cellular-level circuit dynamics. Optical imaging 

techniques can achieve neuron-resolution mapping, but are limited in terms of penetration 

depth, image acquisition rates and genetic incorporation of labels (23). On the other hand, 

electrical implants, such as silicon probes and microwires (24-27)
 

can provide 

spatiotemporal mapping at the single-neuron level from deep brain regions. However, 
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mechanical mismatch and chronic immune responses, which result in shear motion, glial 

scar formation and neuron depletion at probe/brain interfaces, lead to degradation of 

recording/stimulation capabilities typically over a time scale of days to weeks (7-9, 

28-30). Months- to year-long stable recordings from a small fraction of implanted sensing 

electrodes have been claimed occasionally (31-33), although other researchers report 

intra-day to week instability using the same types of probes (7, 29). Practically, 

readjustment of probe positions is used to compensate for recording instability (26, 27, 29, 

30, 34), although this necessarily causes further tissue damage and generally precludes 

monitoring from the originally targeted neurons. These issues have thus limited 

utilization of implanted probes for long-term neuroscience and clinical studies. 

Factors reported to contribute to chronic instability elicited by implanted probes 

include size and mechanical mismatch with respect to neurons and neural tissue (9, 

35-38). Indeed, studies focused on reducing probe size (36) have reduced deleterious 

immune response, although these probes still exhibit substantial mechanical mismatch 

with neural tissue. To address these structural/mechanical issues, we have recently 

described mesh electronics (38-40)
 
with micrometer feature sizes comparable to neuron 

somas and effective bending stiffness values comparable to dense neural tissue. In this 

work, we demonstrate a chronic recording/stimulation mesh electronics platform that 

overcomes the relative shear motion and chronic immune response limitations of 

conventional probes, and thereby enables consistently and reproducible recording from 
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and stimulation of the same individual neurons in vivo for at least eight months. 

 

4.2 Results and Discussion 

4.2.1 Implantation of mesh electronics in the mouse brain for chronic 

electrophysiological studies 

Mesh electronics were fabricated using standard photolithography procedures (38-40) 

presented in detail in Chapter 2 (see Figure 2.3 in Chapter 2). The overall design used in 

these studies (see Figure 2.1 in Chapter 2) consists of an array of 16 recording or 

stimulation electrodes at one end addressed individually by metal interconnects, and 

terminated with input/output (I/O) pads at the opposite end. The interconnects are 

sandwiched by insulating and biocompatible polymer layers, leaving only the 

recording/stimulation electrodes in direct contact with brain tissue. 
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(Continued) Figure 4.1 Syringe-injectable mesh electronics for chronic brain mapping 

and modulation. (a) Schematic showing a mouse with stereotaxically injected mesh 

electronics (gold) bonded through conductive ink (black lines) printing to a flexible flat 

cable (FFC, red arrow), which is folded afterwards to minimize its profile. Inset: A 

zoom-in view of the blue dashed box showing seamless integration of the mesh 

electronics with neural network. The gold lines, white and yellow circles represent metal 

interconnects, recording and stimulation electrodes of the mesh electronics, respectively. 

(b) Micro computed tomography (micro-CT) image showing a lateral view of a mouse 

head with injected mesh electronics (blue dashed box) and folded FFC (red arrow). Axes 

labeled with A, P, D, V represent anterior, posterior, dorsal and ventral anatomical 

directions, respectively. Scale bar: 2 mm. (c) Picture showing the conductive ink (black 

lines) printing process to electrically connect the mesh electronics (yellow arrow) to the 

FFC (red arrow) during surgery. The white arrow highlights the implantation site. (d) 

Picture showing a freely moving mouse with mesh electronics injected and FFC attached 

(red arrow). 

An overview of our chronic recording experiment (Figure 4.1) highlights the 

uniquely flexible open mesh electronics and light-weight instrument interface. First, 

stereotaxic injection was used to deploy mesh electronics through a capillary needle (as in 

Chapter 3) into a targeted brain region (see Chapter 4.3) with a positioning precision of 

~20 μm (39). The extended morphology of implanted electronics and integration of open 

mesh structure with neurons is shown schematically (Figure 4.1a and inset, respectively). 

Micro-computed tomography (micro-CT) post-injection (Figure 4.1b) confirmed 

extended morphology along the injection direction. Close integration of mesh with neural 

networks will be discussed further below. Second, the I/O pads of mesh electronics were 

unfolded onto and electrically connected to a light-weight (~0.2 g) flexible flat cable 

(FFC) using printed conductive ink (39) (Figure 4.1c; Figure 4.2c and d). The 

ultra-flexible polymer-like characteristics of mesh electronics was readily visualized 

(green arrow, Figure 4.1c) as the rolled-up mesh ‘sagging’ between the exit point on the 
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brain/skull and unfolded end on the FFC. Finally, the FFC was fixed to the mouse skull 

and folded to minimize its size. The folded FFC plug-in connection for recording 

instrumentation is shown schematically (Figure 4.1a), in lateral view by micro-CT 

(Figure 4.1b), and in photographs on live mice (Figure 4.1d; Figure 4.2e and f). 

Following implantation surgery, the positions of mesh electronics were not adjusted over 

the entire course of all of the chronic experiments discussed below. 

 
Figure 4.2 Mesh electronics injection and chronic recording from mouse brain. (a) Image 

of a mouse fixed in a stereotaxic frame with scalp skin retracted, and a hole drilled 

through the skull plate. The glass needle (yellow arrow) loaded with mesh electronics is 

visible directly above the skull in this image. A flexible flat cable (FFC) is visible at the 
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(Continued) left of the image supported on a ceramic scaffold. A 0-80 grounding screw 

(white arrow) was positioned at the posterior side of the skull. (b) Image showing the 

relocation of the I/O end of the post-injected mesh electronics (red arrow) towards the 

FFC. (c) Image post-injection into the brain showing the input/output (I/O) region of the 

mesh electronics unfolded onto the FFC. Inset shows a zoom-in view of the red dashed 

box, which highlights the unfolded I/O part (red arrow) of the injected mesh electronics. 

(d) Image representing the unfolded I/O pads of the mesh electronics which were 

electrically-connected to the FFC using the conductive ink printing process described in 

ref. 39. The red dashed box highlighted by the inset shows the details of the bonding with 

the red and cyan arrows indicating the mesh electronics and conductive ink connections, 

respectively. (e) Image showing the FFC fixed on top of the mouse skull using dental 

cement. (f) Image of a fully awake but restrained mouse during chronic in vivo brain 

recording. The white and black arrows highlight the grounding screw and the connector 

between FFC and external recording set-ups, respectively. See Chapter 4.3 for all 

experimental details of surgery and injection. 

4.2.2 Chronic long-term mapping of brain activity at the single-neuron level 

Initial long-term recording stability was assessed from 16-channel mesh electronics 

spanning the hippocampus (HIP) and somatosensory cortex (CTX) of a mouse. 

Representative multiplexed recordings taken from the same awake mouse at two and four 

months post-injection yielded well-defined LFPs in 16/16 channels with modulation 

amplitudes ~300 μV and single-unit spikes from 14/16 channels (Figure 4.3a). Focusing 

on single-unit spikes, we found that different channels exhibited stable amplitudes and 

signal-to-noise ratios (SNRs) across this 2-month period (Figure 4.3a). Cross-channel 

correlation maps of LFPs and single-unit spikes (Figure 4.4) showed similar patterns over 

this time period. The constant single-unit amplitudes and similar spike firing patterns 

over time suggested that these data might correspond to signals from the same neurons 

and neural circuits. Below we address this central issue with detailed measurements and 
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analyses from several mice extending out to 8 months.  

 

Figure 4.3 Long-term stable recording without signal degradation over six months and 

immunohistochemistry staining of mesh electronics/brain tissue interface. (a) 

Representative 16-channel local field potential (LFP) (heat maps) with amplitudes 

color-coded according to the color bar on the far right and single-unit spike (traces) 

mapping from the same mouse at two (left) and four (right) months post-injection. The 

x-axes show the recording time while the y-axes represent the channel number of each 

recording electrode with relative position marked by red spots in the schematics (leftmost 

panel). (b) Time evolution of average spike amplitudes of representative channels from 

four different mice. (c) Time-dependent impedance values at 1 kHz of the channels 

shown in (b). (d) Immunohistochemical staining images of horizontal brain slices at 2 

(left, hippocampus (HIP)), 6 (middle, cortex (CTX)) and 12 weeks (right, CTX) 

post-injection. Red, yellow and blue colors correspond to neurofilaments, NeuN and 

mesh electronics, respectively. Scale bar: 100 μm. (e) Neurofilament (red), NeuN 

(yellow), GFAP (cyan) and iba-1 (purple) fluorescence intensity normalized against 

background values (gray dashed horizontal lines) plotted versus distance from the 
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(Continued) interface. The pink-shaded regions indicate the interior of the mesh 

electronics. All error bars in this figure reflect ±1 standard error of the mean (s.e.m.). 

 
Figure 4.4 Correlation maps of chronic multiplexed brain recording. (a,b) Correlation 

maps of 16-channel local field potential (LFP) recordings at two (a) and four (b) months 

post-injection. (c,d) Correlation maps of 16-channel extracellular action potential 

recordings at two (c) and four (d) months post-injection. Colors indicate the correlation 

coefficient between any two given channels according to the color bar shown on the far 

right. All the maps were calculated from 2 s long data traces at both time points. See 

Chapter 4.3 for details of correlation coefficient calculations. 
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Figure 4.5 Long-term stable recording without signal degradation over six months. (a) 

Representative extracellular action potential recordings from the same electrode 

(Mouse4-ChannelA shown in Figure 4.3b) located in somatosensory cortex (CTX) at 

different time points post-injection. (b) Spike sorting results of the corresponding 

recordings shown in (a). All of the spikes from the corresponding time points in (a) are 

included with ca. 50 spikes at each point. (c) Autocorrelation histograms of average 

waveforms of sorted spikes from 30 1-min segments within a 30-min recording session 

for Mouse4-ChannelA at 3 months post-injection. (d) Autocorrelation histograms of 

average waveforms for each of the two identified clusters (color coded in magenta 

(neuron 1) and green (neuron 2)) for Mouse4-ChannelA at the 8 time points shown in (b). 

See Chapter 4.3 for details of waveform autocorrelation calculations. (e) Time evolution 

of normalized average peak-to-peak spike amplitudes across all channels with single-unit 

action potentials recorded (the average was done across 14, 5, 6 and 7 channels for 
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(Continued) Mouse 1 to 4, respectively) from four mice. The spike amplitude is 

normalized (value = 1.0, gray dashed horizontal lines) against the average peak-to-peak 

amplitude values between 5 to 26 weeks post-injection for each channel. (f) Average 

impedance values at 1 kHz across all channels with recorded single-unit action potentials 

of the four mice shown in (e) plotted as a function of time over the same time period. The 

shaded areas in (e) and (f) indicate ±1 standard error of the mean (s.e.m.). 

Multiplexed data recorded over 6-month periods from four mice (Figure 4.3b; Figure 

4.5e Mice 1-4) show an initial amplitude increase followed by stable spike amplitudes ~6 

weeks post-injection. For example, representative chronic single-unit recording traces 

from one electrode (Mouse4-ChannelA) highlight several key points. First, peak-to-peak 

spike amplitudes increased from ~30 μV at 1 week to ~130 μV around 2 months and 

thereafter remained stable to at least 6 months post-injection, with the overall firing rate 

approximately constant across the entire course (Figure 4.5a). Second, two distinct 

clusters of sorted spikes with visually stable waveforms indicating activities from two 

neurons are observed (Figure 4.5b). Moreover, autocorrelation analyses showed 

quantitatively a large percentage of similarity (See Chapter 4.3) both within the same 

recording session and across 6 months (Figure 4.5c and d). These results suggest stable 

recording at single-neuron level during this extended time period. Characterization of 

electrode interfacial impedances from these recording channels (Figure 4.3c; Figure 4.5f) 

further showed relatively constant values (mean ~300 kΩ) over time, which is distinct 

from other brain implants with reported electrode impedance fluctuations attributed to 

chronic immune response (9, 28).  

To further explore the mechanism of the observed long-term single-neuron level 
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signal stability and provide insight into the short-term amplitude increase, we carried out 

time-dependent histology studies (see details in Chapter 4.3) of the mesh 

electronics/brain interface. Representative confocal fluorescence microscopy images of 

horizontal brain slices at 2, 6 and 12 weeks post-injection (Figure 4.3d) illustrate several 

important features. The 6- and 12-week images (Figure 4.3d, middle and right panels) 

show axonal projections and somata filling the interior regions of mesh electronics, and 

moreover, quantitative analyses (Figure 4.3e) demonstrate that signals corresponding to 

axonal projections and somata were close to and returning to background levels near the 

outer surface and interior of mesh electronics, respectively. Notably, astrocyte and 

microglia quantitative analysis data (Figure 4.3e) show signals close to and slightly below 

background near the outer surface and interior of the mesh, respectively.  

The 2-week post-injection histology data provide insight into the initial increase in 

spike amplitude summarized in Figure 4.3b. Specifically, there was an interior depression 

in cell density (not evident at 6 weeks) remaining from acute needle insertion damage, 

although quantitative intensity analyses (Figure 4.3e) demonstrate that there were axonal 

projections, astrocytes and microglia in this region. These data also show that the 

intensities for astrocytes and microglia were somewhat enhanced up to 100-300 μm from 

the probe surface (returned to background after 6 weeks). Hence, the results suggest that 

the observed amplitude increase is associated with recovery from acute implant damage via 

gradual removal of astrocytes (and microglia).  
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More detailed statistical analyses were carried out to confirm the chronic stability of 

recorded neuron and neural circuit signals. Principal component analysis (PCA), which is 

used to define the number and stability of recorded single-neuron signals over time (34, 

36),
 
of representative sorted spikes (Figure 4.6a) show the same three PCA clusters with 

nearly constant positions in the first and second principal component plane (PC1-PC2) 

from 5 through 34 weeks (8 months) post-injection. Time-dependence of the averaged 

spike waveforms for these three distinct components (Figure 4.6b) together with 

waveform auto-/cross-correlation (Figure 4.7a) and L-ratio analyses (See Chapter 4.3) at 

representative time points (Table 4.1) further demonstrate good unit separation and high 

stability over this time period (41).  
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Figure 4.6 Consistent tracking of the same group of neurons. (a) Time evolution of 

representative single-unit spikes of Mouse2-ChannelA shown in Figure 4.3 clustered by 

principal component analysis (PCA) over eight months post-injection. The x- and y-axis 

denote the first and second principal component, respectively, and the z-axis indicates 

post-injection time. The color scale bars show the corresponding time points from 5 to 34 

weeks (8 months) of the 3D PCA plots. (b) Time course analysis of average spike 

waveforms from each PCA cluster shown in (a). (c) Time evolution of inter-spike interval 

(ISI) histograms of each of the 3 neurons identified from the PCA clusters in (a) from 3 to 

34 weeks post-injection. Bin size: 20 ms. (d) Scatter plot with analysis of variance 

(ANOVA) of the firing parameter (n=32 for each of the three clusters), λ, obtained by 

fitting each ISI distribution profile shown in (c) to a first-order exponential decay. (e) 

Polar plots showing the phase-locking of single-unit spikes to theta oscillations (4-8 Hz) 

of LFPs in HIP for each of the 3 neurons from the PCA clusters in (a) at 3 and 34 weeks. 

(f) Scatter plot with ANOVA test of the locked phase angle for data from 3 through 34 

weeks. For (d) and (f), the open rectangles and bars indicate 25/75 and 0/100 percentiles, 

respectively; **** indicates p value of < 0.0001. 
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Figure 4.7 Autocorrelation and cross-correlation analyses of average spike waveforms 

across all recording time points. (a) Auto- and cross-correlation histograms for three 

identified neurons of Mouse2-ChannelA from week 3 to 34 post-injection shown in 

Figure 4.6b. (b) Auto- and cross-correlation histograms for two identified neurons of 

Mouse2-ChannelB from week 1 to 34 post-injection shown in Figure 4.9c. (c) Auto- and 

cross-correlation histograms for two identified neurons of Mouse3-ChannelA from week 

1 to 26 post-injection shown in Figure 4.9d. 

 
Figure 4.8 Refractory periods of neuron firing. (a-c) Interspike interval (ISI) histograms 

of the data shown in Figure 4.6c at 26 weeks post-injection but replotted with a bin size 

of 1 ms. The data show clearly a 2-3 ms refractory period (orange-shaded regions) for 

neuron 1 (a), neuron 2 (b) and neuron 3 (c). 

We have also investigated the individual neuron firing dynamics by characterizing 

the inter-spike interval (ISI) distributions for each of the 3 neurons identified (Figure 4.6c; 

See Chapter 4.3). Notably, these ISI histograms exhibited stable and distinct distributions 
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with characteristic 2-3 ms refractory period (42) (Figure 4.8) for the 8-month recording 

duration. Exponential fittings to each ISI histogram yielded the corresponding firing 

parameter, λ, which reflects individual neuron firing rates. Furthermore, we performed 

analysis of variance (ANOVA) on the corresponding firing parameter (reflecting neuron 

firing rates (42)) λ, which was obtained by exponential fitting to ISI histogram, for these 

three neurons, and the result showed a significant difference (p-value < 0.0001) between 

any two neurons, thus providing additional evidence that the same neurons can be 

followed over this 8-month period. To demonstrate the reproducibility of long-term 

tracking of the same neurons, we also applied these analyses for another channel from the 

same mesh electronics (Figure 4.7 and 4.9, Mouse2-ChannelB) and one channel from an 

additional mouse (Figure 4.7 and 4.9, Mouse3-ChannelA). Similar results were found 

with unchanged principal components (Figure 4.9a and b) and L-ratios demonstrating 

good unit separation (Table 4.1), constant average spike waveforms supported by 

waveform auto-/cross-correlation (Figure 4.7b and c and Figure 4.9c and d), and stable 

ISI histograms and firing parameters (Figure 4.9e-h). 
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Figure 4.9 Consistent tracking of the same group of neurons. (a,b) Time evolution of 

representative single-unit spikes of Mouse2-ChannelB (a) and Mouse3-ChannelA (b) 

shown in Figure 4.3 clustered by principal component analysis (PCA) over eight and six 

months, respectively. In each plot, the x- and y-axis denote the first and second principal 

component, respectively, and the z-axis indicates post-injection time. (c,d) Time course 

analysis of average spike waveforms from each PCA cluster shown in (a) from 1 to 34 

weeks post-injection (c), and for each PCA cluster shown in (b) from 1 to 26 weeks 

post-injection (d), respectively. (e,f) Time evolution of ISI histograms of each of the 2 

neurons identified from the PCA clusters in (a) and (b) from 3 to 34 (e) and 3 to 26 weeks 

post-injection (f), respectively. Bin size: 20 ms. (g,h) Scatter plot with analysis of 

variance (ANOVA) (n=32 and 26 for (g) and (h), respectively) of the firing parameter, λ, 

obtained by fitting each ISI distribution profile shown in (e) and (f) to a first-order 

exponential decay. All plots for Mouse 3 are shown up to 26 weeks post-injection instead 

of 34 weeks post-injection shown for Mouse 2, because Mouse3 was older than Mouse 2 

when the initial mesh electronics injection was carried out, and thus exhibited 

ageing-associated changes (shown in Figure 4.12 and Figure 4.13) at an earlier 

post-injection time point. 

 

Table 4.1 Lratio calculated with the same degree of freedom (df) of eight for each 
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(Continued) identified neuron in Mouse2-ChannelA, Mouse2-ChannelB and 

Mouse3-ChannelA at 2, 4 and 6 months post-injection. An Lratio < 0.05 for a specific 

isolated unit among all sorted spikes is considered good separation/isolation as discussed 

previously (41, 43). See Chapter 4.3 for details of Lratio calculations. 

 
Mouse2-

ChannelA 

Neuron1 

Mouse2-

ChannelA 

Neuron2 

Mouse2-

ChannelA 

Neuron3 

Mouse2-

ChannelB 

Neuron1 

Mouse2-

ChannelB 

Neuron2 

Mouse3-

ChannelA 

Neuron1 

Mouse3-

ChannelA 

Neuron2 

2 months 2.7 ×10
-5 

2.2 × 10
-3 

1.9 × 10
-3

 4.2 × 10
-4

 2.4 × 10
-5

 3.2 × 10
-3 

1.7 × 10
-3

 

4 months 3.1 × 10
-5

 2.0 × 10
-3

 4.7 × 10
-3

 7.2 × 10
-4

 6.6 × 10
-5

 4.3 × 10
-3

 3.6 × 10
-3

 

6 months 4.0 × 10
-6

 1.1 × 10
-3

 5.5 × 10
-3

 4.2 × 10
-4

 1.4 × 10
-4

 1.8 × 10
-2

 9.9 × 10
-3

 

To test the potential for stable recording from circuits, we analyzed phase-locking 

between single-neuron firings and LFPs (See Chapter 4.3). We focused on data from 

electrodes targeted to HIP where phase-locking between single-neuron firings and 

theta-band LFP oscillations has been described (42). Rayleigh Z-test (See Chapter 4.3) of 

the recorded data (Figure 4.6e) shows clear evidence for phase-locking at distinct angles 

from 3 to 34 weeks post-injection for each of the three neurons identified (Figure 4.10) 

(44). Statistical analyses demonstrated that the phase-locked angles for neurons 1, 2 and 3 

are stable over time (Table 4.2) with means of 325, 250 and 100-degrees, respectively, 

and were distinct from each other (Figure 4.6f). These results show that mesh electronics 

can reliably record from the same neural circuit over 8 months (45). 
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Figure 4.10 Rayleigh Z-test of neuron phase-locking behavior. (a-c) Rayleigh Z-test of 

all recording data for neuron 1 (a), neuron 2 (b) and neuron 3 (c) identified for 

Mouse2-ChannelA from week 3 to 34 post-injection (n=32). Each trial presents the 

recording data at a given week. The null hypothesis is: a given neuron does not have 

phase-locking behavior at a given week. The majority of trials on the right side of the 

vertical dashed lines suggest a > 95% confidence interval (p<0.05) to reject the null 

hypothesis. 

 

Table 4.2 Rayleigh Z-test of locked-phase alteration for each neuron shown in Figure 

4.10. The null hypothesis is: The locked phase of a specific neuron has a random 

distribution through time evolution. A Ln(Z) value of > 1.09 (i.e., Z>2.97) (sample size 

n=32) can reject the null hypothesis with a confidence interval > 95% (p value of <0.05) 

(44). See Chapter 4.3 for details of Rayleigh Z-test. 

 Neuron 1 Neuron 2 Neuron 3 

Z-value 27.85 27.76 24.95 

Ln(Z) 3.33 3.32 3.22 

In addition, we tested the capability for stable chronic recording from two mesh 

electronics injected into distinct brain regions. The I/O pads from the two mesh 

electronics could be connected to the same FFC as shown schematically (Figure 4.11a). 

The straightforward nature of multi-site injection and connection was demonstrated in 

Figure 4.11b; moreover, this approach yielded an insignificant increase in the interface 
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weight. Multiplexed LFP recordings from two mesh electronics implanted in motor CTX 

(red) and HIP (blue) of opposite cerebral hemispheres show similar modulation within the 

same probe but distinct signals between the two (Figure 4.11c). Both mesh electronics 

exhibited stable LFP amplitudes across at least 2 months (Figure 4.11c). Representative 

high-pass filtered single-unit spike traces (Figure 4.11d) demonstrate consistent chronic 

firing dynamics. Notably, spike-sorting analyses (Figure 4.11d) further show stable 

recording amplitudes and consistent spike clusters (2 identified neurons in the CTX and 4 

in the HIP) over this time period. 

 

Figure 4.11 Multi-site and multifunctional mesh electronics. (a) Schematic and (b) photo 
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(Continued) showing two mesh electronics (white arrows) injected into different brain 

regions (motor CTX of the right cerebral hemisphere and HIP of the left hemisphere) of 

the same mouse. The two mesh electronics probes were bonded to the same FFC (red 

dashed box in (b).) (c) Multiplexed LFP and (d) single-unit recordings along with sorted 

spikes from the motor CTX (red traces) of one hemisphere and the HIP (blue traces) from 

the contralateral hemisphere. The three columns correspond to data recorded at 2 (left), 3 

(middle) and 4 (right) months post-injection, respectively. The red and blue arrows in (c) 

highlight the channels corresponding to the representative spike trains shown in (d). (e) 

Photograph showing typical mesh electronics before releasing from substrate with 

unipolar stimulation electrodes (black arrow) and recording electrodes (red arrows). Scale 

bar: 200 μm. Inset: Zoomed-out photograph with yellow dashed box represents the area 

of (e). Inset scale bar: 1 mm. (f) Raster plot showing spike events (black ticks) of 150 

stimulation trials with respect to peristimulus time (red solid line: stimulation pulse). 

Inset: Representative recorded spike trains from -0.15 to 0.85 s. The red arrow indicates 

the stimulation pulse. (g) First spike latency distributions of stimulus-evoked firings 

recorded from two different electrodes (Channels 1 & 2) located in the same cerebral 

hemisphere but with progressively increasing distance from the stimulation electrode at 4, 

6 and 14 weeks post-injection. Spike sorting and PCA clustering results are displayed as 

insets. The color of each sorted spike cluster corresponds to the color of each PCA group. 

4.2.3 Multifunctional mesh for chronic brain stimulation and recording 

We expanded the capabilities of mesh electronics by incorporating 150 μm diameter 

low-impedance stimulation electrodes (Figure 4.11e). Representative chronic stimulation 

(See Chapter 4.3) and recording data from 4 to 14 weeks post-injection highlight several 

key features. First, a spike raster plot versus peristimulus time (Figure 4.11f) shows 

clearly an increased firing rate following stimulation. Second, histograms of the first 

spike latency following stimulation for two representative recording electrodes (Figure 

4.11g, channels 1 & 2) exhibited consistent distributions from 4 to 14 weeks in weekly 

stimulation trials. Control data recorded from a second mesh electronics injected into the 

contralateral hemisphere show no evidence for stimulation-evoked response. Third, spike 
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sorting and PCA analyses of channel 1 and 2 (Figure 4.11g, insets) confirm stable 

recording of two unique neurons for both electrodes, although a third neuron was 

identified at ca. 14 weeks in channel 1. 

4.2.4 Longitudinal studies of aging mice at the single-neuron level 

The long-term recording stability confirmed above opens up the potential for 

longitudinal studies of aging-associated changes at the level of individual neurons and 

neural circuits. Previous research has been limited to longitudinal studies with low 

spatiotemporal resolution (17, 19) or high-resolution electrophysiology studies comparing 

different subjects due to chronic instability (16-18). We tracked the time evolution of the 

firing dynamics and spike characteristics of individual neurons before and after two mice 

entered middle age, 10-12 months (46). These data (Figures 4.12 and 4.13) reveal several 

aging-associated neuronal changes. First, analyses of ISI histograms showed firing rate 

declines for mice aged ∼48 weeks and older with individual neurons exhibiting distinct 

time-dependent changes (Figure 4.12e and f; Figure 4.13a and b, I). For example, neurons 

2 and 3 of Mouse2 (Figure 4.13a, I) showed decreases in firing rate starting at ~48 weeks, 

while the firing of neuron 1 was relatively unaffected. Similar statistically significant 

decreases were seen for Mouse3 (Figure 4.13b, I). Second, we found that there were no 

systematic changes in electrode impedances (Figure 4.12g), and histology showed 

uniform distributions of neuronal somata, axon projections, astrocytes and microglia 

through the mesh electronics interior at ~1 year post-injection (Figure 4.12h and i).  
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Figure 4.12 Tracking of the same individual neurons during brain ageing. (a,b) Time 

evolution of representative single-unit spikes of Mouse2-ChannelA (a) and 

Mouse3-ChannelA (b) shown in Figure 4.3 clustered by PCA from 35 to 57 weeks of age. 

In each plot, the x- and y-axes denote the first and second principal components, 

respectively, and the z-axis indicates the corresponding mouse age. (c,d) Representative 

2D (PC1-PC2 plane) plots of the PCA results shown in (a,b) at week 52 and 57 of mouse 

age. (e,f) Time evolution of ISI histograms of each of the neurons identified from the 

PCA clusters in (a) and (b) from 35 to 57 weeks of age. Bin size: 20 ms. (g) Impedance 

values at 1 kHz of the two channels shown in (a-f) plotted as a function of mouse age 

over the same period. (h) Immunohistochemical images of a 10 μm-thick horizontal CTX 

brain slice showing the mesh electronics/brain tissue interface at 1-year mouse age. Red, 

yellow and blue colors correspond to neurofilaments, NeuN and mesh electronics, 

respectively. Scale bar: 100 μm. (i) Neurofilament (red), NeuN (yellow), GFAP (cyan) 

and iba-1 (purple) fluorescence intensity plotted as a function of distance from the 
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(Continued) interface of mesh electronics. Neurofilament, NeuN and GFAP results are 

based on the analysis of zoomed-out images of those shown in (h) with a field of view of 

1.2 mm × 1.2 mm. iba-1 results are based on analysis of horizontal slices adjacent to that 

shown in (h) with the same field of view. The fluorescence intensity is normalized (value 

= 1.0, gray dashed horizontal lines) against the background values 500 μm away from the 

probe interface for each sample. The pink-shaded region indicates the interior of the mesh 

electronics. Error bars reflect ±1 s.e.m.. 

These results show that recording electrodes did not degrade, and correspondingly 

allows us to argue that the observed decreases in firing rate are intrinsic to individual 

neurons. Third, quantitative analyses of the sorted spike waveforms (Figure 4.13a and b II) 

also reveal a neuron specific increase of peak-to-trough time, τ, starting at ~48 weeks of 

mouse age; that is, neurons 2 and 3 of Mouse2 (Figure 4.13a, II) both showed increases in 

τ, while little or no increase was observed for neuron 1. These recorded increases in 

single-neuron peak-to-trough times coincided with the timing of the decreases in firing 

rates, and were especially prominent for the neurons with larger firing rate decreases 

(Figure 4.13a and b). 

 

Figure 4.13 Longitudinal study of brain ageing at the single-neuron level. (a,b) Time 

evolution of average spike firing rate (I) and average peak-to-trough time τ (defined in 
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(Continued) upper left inset in (a, II)) with average spike waveforms shown as bottom 

right insets (II) of each neuron identified from the PCA clusters in Figure 4.11 from 

representative channels of Mouse 2 (a) and 3 (b), respectively. The x-axes show the 

corresponding mouse ages in all panels. The error bars in (I) show fitting arrows, and * 

indicates statistical significant (p < 0.05) (t-test, n=50) decrease of firing rate compared 

with that at age of 48 weeks. The error bars in (II) show ± 1 standard deviation (SD). 

4.2.5 Chronic brain recording in freely behaving mice 

Last, mesh electronics can be directly bonded to a preamplifier (preamp) connector 

following the injection procedure (see Chapter 4.3) for chronic brain mapping from freely 

behaving mice. The lightweight interface is only 1.0 g with the preamp plugged in (0.35 g 

without preamp), allowing data acquisition through a highly flexible cable that does not 

restrict animal motion (Figure 4.14a). The overall interface had minimum impact on the 

animal while being housed without the preamp given its low profile and weight. 

Representative single-unit recordings from five channels five weeks post-injection 

(Figure 4.14b) were grouped into time periods when the mouse was whisking food (I) or 

foraging (II) in a novel environment. The two channels located in the barrel field of 

somatosensory CTX (Channels D & E) consistently showed behavior-related firing rate 

increases during whisking, while the other three channels exhibited no significant 

changes across the 27-week measurement course (Figure 4.14c and Figure 4.15). 

Analyses of sorted spikes within the same recording session (Figure 4.15a) revealed 

stable unit isolation (Figure 4.15c) and comparable fluctuations to the intrinsic recording 

noise level (Figure 4.15b; Table 4.3). Interestingly, phase locking analyses between 

single-unit firings in barrel CTX (Channel D) and theta-band LFP oscillations in HIP 
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(Channel A) at different time points indicated relatively constant phase-locking at ~300
 

degrees during active whisking versus no identifiable phase coherence during foraging 

(Figure 4.14d). These findings suggest the existence of an underlying pathway linking 

barrel field that receives vibrissa input and HIP with higher-order processing of texture 

information, in agreement with recent reports (47, 48). 

 

Figure 4.14 Chronic recordings from a freely behaving mouse. (a) Photograph of a 

typical freely behaving mouse recording. Voltage-amplifier was directly positioned near 

the mouse head to minimize mechanical noise coupling. A flexible serial peripheral 

interface (SPI) cable was used to transmit amplified signals to the data acquisition 

systems. Inset: A zoom-in view showing the conductive ink (black lines), FFC (red 

arrow), Omnetics connector (yellow arrow) and the voltage-amplifier (blue-green 

rectangle). (b) Single-unit spike recordings at 5 weeks post-injection from five 

representative channels, two of which (Channels D & E, shown in red) are located in the 

somatosensory CTX, when the mouse was whisking food pellets (I) and foraging in the 



84 
 

(Continued) cage (II). (c) Bar charts summarizing the changes in firing rate for the same 

five channels as shown in (b) during whisking (black bars) and foraging (white bars) at 5 

(top), 10 (middle) and 27 weeks (bottom) post-injection. The two channels (Channels D 

& E) with whisking-associated neuronal responses are highlighted with red borders. Error 

bars indicate ±1 s.e.m. (d) Polar plots showing the phase-locking of single-unit spikes 

recorded in the barrel field of somatosensory CTX (Channel D) to the theta oscillations 

(4-8 Hz) of LFPs in the HIP (Channel A) when the mouse is whisking (left column) and 

foraging (right column) at 5, 10 and 27 weeks post-injection. 

 

Figure 4.15 Spike recorded from a freely behaving mouse. (a) Sorted single-unit action 

potentials from chronic freely behaving mouse recordings. Each column represents the 

sorted spikes from an individual channel shown in Figure 4.14 at 5, 10 and 27 weeks 

post-injection. (b) Noise distributions of all red unit clusters of Channels A-E shown at 

week 10 post-injection in a (I), and the intrinsic recording noise of each corresponding 

electrode of the channel at the same week (II). See Chapter 4.3 for details of noise 

calculations. (c) Single-unit spikes of Channel D in (a) clustered by PCA when the mouse 

is actively whisking (I) and foraging (II) at week 5, 10 and 27 post-injection. 

 

Table 4.3 Standard deviation of noise distribution within an entire recording session of all 
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(Continued) sorted spike clusters at week 10 post-injection shown in Figure 4.15a, and 

comparisons with intrinsic recording noise of each channel. Colors in column-1 

correspond to the color-coded spike clusters in Figure 4.15a. See Chapter 4.3 for details 

of standard deviation extraction. 

 

Standard deviation of noise 

distribution (μV) 

Channel 

A 

Channel 

B 

Channel 

C 

Channel 

D 

Channel E 

Red 4.95 7.52 5.20 6.51 7.23 

Green NA NA 10.79 7.83 9.13 

Blue NA NA NA 8.49 9.27 

Black NA NA NA NA 9.42 

Intrinsic recording noise 5.58 5.98 5.79 7.00 9.10 

 

 
Figure 4.16 Autocorrelation analyses of average waveforms from week 1 to 8 

post-injection. (a) Autocorrelation histograms of average waveforms for neurons 1 

(magenta) and 2 (green) for Mouse2-ChannelA from weeks 1 to 8 post-injection shown in 

Figure 4.6. (b) Autocorrelation histograms of average waveforms for neurons 1 (magenta) 

and 2 (green) for Mouse2-ChannelB from weeks 1 to 8 post-injection shown in Figure 

4.9c. Inset: Cross-correlation histogram of all raw spikes for neuron 2 between weeks 1 

and 8 post-injection (light green, dashed line) and autocorrelation histogram of all raw 

spikes for neuron 2 on week 8 post-injection only (dark green, solid line). (c) 

Autocorrelation histograms of average waveforms for neurons 1 (magenta) and 2 (green) 
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(Continued) for Mouse3-ChannelA from weeks 1 to 8 post-injection shown in Figure 4.9d. 

See Chapter 4.3 for details of autocorrelation calculations. 

4.3 Methods and Materials 

4.3.1 Stereotaxic surgery and mesh electronics implantation in the mouse brain 

Vertebrate animal subjects. A total of 10 adult (25-35 g) male C57BL/6J mice (Jackson 

Laboratory, Bar Harbor, ME) were the vertebrate animal subjects used in this study. The 

sample size is statistically determined by power analysis
XX

 assuming a significance level 

of 5% and average spike amplitude to variation ratio of 3.0 at 90% power. Exclusion 

criteria were pre-established: animals with failed surgery or substantial acute implantation 

damage (>100 μL of initial liquid injection volume) were excluded from further chronic 

recordings. Randomization or blinding was not applicable to this study. All procedures 

performed on the mice were approved by the Animal Care and Use Committee of 

Harvard University. The animal care and use programs at Harvard University meet the 

requirements of the Federal Law (89-544 and 91-579) and NIH regulations and are also 

accredited by the American Association for Accreditation of Laboratory Animal Care 

(AAALAC). Animals were group-housed on a 12 h: 12 h light: dark cycle in the Harvard 

University’s Biology Research Infrastructure (BRI) and fed with food and water ad 

libitum as appropriate. 

Stereotaxic injection of mesh electronics in mouse brain. In vivo injection of mesh 

electronics into the brains of live mice was performed using a controlled stereotaxic 
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injection method described previously (39). First, all metal tools in direct contact with the 

surgical subject were autoclaved for 1 h before use, and all plastic tools in direct contact 

with the surgical subjects were sterilized with 70% ethanol and rinsed with sterile DI 

water and sterile 1X PBS before use. Prior to injection, the mesh electronics were 

sterilized with 70% ethanol followed by rinsing in sterile DI water and transfer to sterile 

1X PBS. 

C57BL/6J mice were anesthetized by intraperitoneal injection of a mixture of 75 

mg/kg of ketamine (Patterson Veterinary Supply Inc., Chicago, IL) and 1 mg/kg 

dexdomitor (Orion Corporation, Espoo, Finland). The degree of anesthesia was verified 

via the toe pinch method before the surgery started. To maintain the body temperature and 

prevent hypothermia of the surgical subject, a homeothermic blanket (Harvard Apparatus, 

Holliston, MA) was set to 37 °C and placed underneath the anesthetized mouse, which 

was placed in the stereotaxic frame (Lab Standard Stereotaxic Instrument, Stoelting Co., 

Wood Dale, IL) equipped with two ear bars and one nose clamp that fix the mouse head 

in position. Puralube ocular lubricant (Dechra Pharmaceuticals, Northwich, UK) was 

applied on both eyes of the mouse to moisturize the eye surface throughout the surgery. 

Hair removal lotion (Nair®, Church & Dwight, Ewing, NJ) was used for depilation of the 

mouse head and iodophor was applied to sterilize the depilated scalp skin. A 1-mm 

longitudinal incision along the sagittal sinus was made in the scalp with a sterile scalpel, 

and the scalp skin was resected to expose a 6 mm × 8 mm portion of the skull. 
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METABOND® enamel etchant gel (Parkell Inc., Edgewood, NY) was applied over the 

exposed cranial bone to prepare the surface for mounting the electronics on the mouse 

skull later.  

A 1 mm diameter burr hole was drilled using a dental drill (Micromotor with On/Off 

Pedal 110/220, Grobet USA, Carlstadt, NJ) according to the following stereotaxic 

coordinates: anteroposterior: -4.96 mm, mediolateral: 3.10 mm. After the hole was drilled, 

the dura was carefully incised and resected using a 27-gauge needle (PrecisionGlide®, 

Becton Dickinson and Company, Franklin Lakes, NJ). Then a sterilized 0-80 set screw 

(18-8 Stainless Steel Cup Point Set Screw; outer diameter: 0.060" or 1.52 mm, groove 

diameter: 0.045" or 1.14 mm, length: 3/16" or 4.76 mm; McMaster-Carr Supply 

Company, Elmhurst, IL) was screwed into this 1-mm burr hole to a depth of 500 μm as 

the grounding and reference electrode. Another 1 mm burr hole was drilled for injection 

of mesh electronics according to the following stereotaxic coordinates depending on 

specific brain areas for activity recording:  

1) Primary somatosensory cortex, barrel field: anteroposterior: -1.82 mm, 

mediolateral: -3.00 mm, dorsoventral: 0.75 mm. 

2) Primary somatosensory cortex, trunk: anteroposterior: -1.70 mm, mediolateral: 

-2.00 mm, dorsoventral: 0.75 mm. 

3) Hippocampal CA1 field: anteroposterior: -1.70 mm, mediolateral: -1.60 mm, 

dorsoventral: 1.17 mm. 
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4) Hippocampal CA3 field: anteroposterior: -1.70 mm, mediolateral: -2.00 mm, 

dorsoventral: 1.85 mm. 

The dura was removed from the burr hole drilled for mesh electronics injection and 

sterile 1X PBS was swabbed on the surface of the brain to keep it moist throughout the 

surgery. The mesh electronics was injected into the desired brain region using a 

controlled injection method (39). In brief, the mesh electronics was loaded into a glass 

capillary needle with inner diameter (I.D.) of 400 μm and outer diameter (O.D.) of 650 

μm (Produstrial LLC, Fredon, NJ). The glass capillary needle loaded with mesh 

electronics was mounted onto the stereotaxic stage through a micropipette holder (Q 

series holder, Harvard Apparatus, Holliston, MA), which was connected to a 5 mL 

syringe (Becton Dickinson and Company, Franklin Lakes, NJ) through a polyethylene 

Intramedic
TM

 catheter tubing (I.D. 1.19 mm, O.D. 1.70 mm). Controlled injection was 

achieved by balancing the volumetric flow rate (typically 20-50 mL/h), which was 

controlled by a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA), and the 

needle withdrawal speed (typically 0.2-0.5 mm/s), which was controlled by a motorized 

linear translation stage (860A motorizer and 460A linear stage, Newport Corporation, 

Irvine, CA). Using the controlled injection method with field of view (FoV) visualization 

through an eyepiece camera (DCC1240C, Thorlabs Inc., Newton, NJ), the mesh 

electronics was delivered to specific brain regions with elongated morphology along the 

injection direction with ~20 μm spatial targeting precision. For successful long-term 
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recording, the total injection volume is usually between 10 and 100 μL. An unexpectedly 

large injection volume (>100 μL) could result in brain edema or failure to recover from 

acute surgical damage. 

Electrical connection of syringe-injectable electronics for chronic recordings from 

awake and restrained mice. After injection of mesh electronics into the desired region 

of a mouse brain, the stereotaxic stage was moved to reposition the glass capillary needle 

over a 16-channel flexible flat cable (FFC, PREMO-FLEX, Molex Incorporated, Lisle, 

IL), The remaining mesh electronics was then fully expelled from the needle and 

unfolded onto the FFC to expose the input/output (I/O) connection pads. High-yield 

bonding of mesh electronics I/O pads to the FFC was carried out using our reported 

conductive ink printing method (39). In brief, the print head loaded with carbon nanotube 

solution (Stock No.: P093099-11, Tubes@Rice, Houston, TX) was driven by a motorized 

micromanipulator (MP-285/M, Sutter Instrument, Novato, CA) through a user-written 

LabVIEW program to print conductive ink automatically and connect each mesh I/O pad 

to each FFC line to enable independently addressable sensor elements. Failure of mesh to 

unfold completely can lead to potential low-yield electrical connection to the FFC 

interface cable. All printed conductive lines were passivated by METABOND® dental 

cement (Parkell Inc., Edgewood, NY), and then the entire FFC with mesh electronics 

bonded to the FFC was cemented to the mouse skull with METABOND® dental cement. 

The FFC was folded to reduce its size on the mouse skull. The total mass of the bonded 
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interface cable with mesh electronics is typically 0.2 – 0.3 g.  

Electrical connection of syringe-injectable electronics for chronic recording from 

freely behaving mice. After injection of mesh electronics into the desired region of the 

mouse brain, the stereotaxic stage was manually moved to reposition the glass capillary 

needle over a 32-channel Omnetics male connector (A79024-001, Omnetics Connector 

Corp., Minneapolis, MN) with a weight of ~0.1 g glued on a nonconductive polyethylene 

terephthalate (PET) flexible substrate with a thickness of ~0.3 mm. The remaining mesh 

electronics was then fully expelled from the needle and unfolded onto the flexible 

substrate with its I/O connection pads facing the horizontal mounting tails of the 

Omnetics connector. Conductive ink printing was used to bond the mesh electronics I/O 

pads to 16 horizontal mounting tails of the Omnetics connector as described above for the 

FFC cable. The 0-80 grounding screw was electrically connected to one of the four 

pre-installed grounding/reference pins of the Omnetics connector using silver conductive 

epoxy (MG Chemicals, Burlington, ON, Canada). All printed conductive lines were 

protected by METABOND® dental cement, before the entire packaged headstage was 

cemented to the mouse skull with dental cement. 

Postoperative care. After surgery was complete, antibiotic ointment (WATER-JEL 

Technologies LLC, Carlstadt, NJ) was applied copiously around the wound, and the 

mouse was returned to the cage equipped with a 37 °C heating pad and its activity 

monitored every hour until fully recovered from anesthesia (i.e., exhibiting sternal 
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recumbency and purposeful movement). Buprenex (Buprenorphine, Patterson Veterinary 

Supply Inc, Chicago, IL) analgesia was given intraperitoneally at a dose of 0.05 mg/kg 

body weight every 12 h for up to 72 h following brain surgery. 

The overall success rate of our surgical procedure is around 70%, with the main 

causes of failure including (i) an unexpectedly large injection volume (>100 μL) resulting 

in brain edema, and (ii) failure of the mesh I/O to unfold, leading to low-yield electrical 

connection to the FFC interface cable. Potential improvements to the surgery success rate 

include: (i) better control of injection volume by further reducing the transverse bending 

stiffness of mesh electronics, and (ii) more reliable I/O unfolding/bonding through mesh 

design modification to more widely separate I/O pad. 

4.3.2 In vivo chronic brain recording and stimulation 

Chronic brain recording from awake and restrained mice. Mice with implanted mesh 

electronics and FFC connector were recorded chronically on a weekly basis, starting from 

Day 7 post-injection and surgery. Mice were restrained in a Tailveiner® restrainer 

(Braintree Scientific LLC., Braintree, MA) while its head-mounted FFC was connected to 

an Intan RHD 2132 amplifier evaluation system (Intan Technologies LLC., Los Angeles, 

CA) through a home-made printed circuit board (PCB). The 0-80 set screw was used as a 

reference. Electrophysiological recording was made with a 20-kHz sampling rate and a 

60-Hz notch filter, while the electrical impedance at 1 kHz of each recording electrode 

was also measured by the same Intan system.  
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Chronic brain recording from freely behaving mice. Mice with Omnetics connectors 

were recorded from chronically on a weekly basis when freely roaming in the cage. For 

recording, an Intan preamplifier chip (RHD2132 16-Channel Amplifier Board, Intan 

Technologies LLC., Los Angeles, CA) with pre-installed female Omnetics connector was 

connected directly to the male Omnetics connector cemented on the mouse skull during 

surgery, and the mouse allowed to roam in a cage environment not explored previously. 

Food pellets were placed at random positions inside the cage for each trial. 

Electrophysiological recordings were made using the same Intan evaluation system with a 

20-kHz sampling rate and a 60-Hz notch filter, and were synchronized with video 

recording of the mouse’s motion inside the cage using a digital camera. 

Chronic electrical stimulation of the mouse brain. Mice injected with mesh electronics 

incorporating stimulation and recording electrodes were subject to electrical stimulation 

and simultaneous electrophysiological recording periodically to week 14 post-surgery. As 

in the chronic electrophysiological recording described above, mice were restrained in the 

Tailveiner® restrainer with a head-mounted FFC connected to the Intan RHD 2132 

amplifier evaluation system for 12 recording channels, while the other four stimulation 

channels were connected to a homemade stimulator comprising a function generator 

(Model 33220A, 20 MHz Function/Arbitrary Waveform Generator, Agilent Technologies, 

Santa Clara, CA) that provided stimulus pulse trains with user-defined current, pulse 

duration and pulse interval. Typical currents used for stimulation ranged from 5 to 50 μA, 
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followed by an inverted polarity with the same amplitude to provide capacitor-coupled 

and charge-balanced stimulation. The pulse duration was 1 ms for each phase (positive or 

negative) with two consecutive pulses spaced by 1 s. Neural responses to stimulus input 

through one of the 4 stimulation electrodes were recorded as both local field potentials 

(LFPs) and single-unit spikes from the 12 recording electrodes from the same injected 

mesh electronics. The 0-80 set screw was used as a reference for both stimulation and 

recording. 

4.3.3 Electrophysiological recording data analysis 

Data analysis of LFP and single-unit action potential recording. The 

electrophysiological recording data was analyzed offline. In brief, raw recording data was 

filtered using non-causal Butterworth bandpass filters (‘filtfilt’ function in Matlab) in the 

250-6000 Hz frequency range to extract single-unit spikes (38), in the 0.1-150 Hz range 

to extract LFP (38), and in the 4-8 Hz range to extract the theta rhythm of LFP (49). The 

intrinsic noise distribution of a specific channel was analyzed based on all recording 

traces bandpass filtered at 250-6000 Hz excluding any firing spikes. The correlation 

coefficient maps of single-unit spike recording traces shown in Figure 4.4 were calculated 

based on the standard Pearson product-moment correlation coefficient for time series. 

Namely, for two spike traces, Y1 (t) and Y2 (t), the correlation coefficient between them is 

calculated as 
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𝐶𝑜𝑟𝑟(𝑌1, 𝑌2) =
∫ (𝑌1(𝑡)−𝑌1)(𝑌2(𝑡)−𝑌2)𝑑𝑡

𝑇2
𝑇1

√∫ (𝑌1(𝑡)−𝑌1)2(𝑌2(𝑡)−𝑌2)2𝑑𝑡
𝑇2

𝑇1

             (1) 

where T1 and T2 indicate the starting and ending time of the recording traces (in Figure 4.4, 

the time window is 2 s), and 𝑌𝑖 =
1

𝑇2− 𝑇1
∫ 𝑌𝑖(𝑡)𝑑𝑡 (𝑖 = 1, 2)

𝑇2

𝑇1
 represents the averaged 

value of Yi (t) over the time period between T1 and T2.   

Single-unit spike sorting was performed by amplitude thresholding of the filtered 

traces by automatically determining the threshold based on the median of the background 

noise according to the improved noise estimation method (43). The average spike 

amplitude for each recording channel (Figure 4.3b; Figure 4.5e) was defined as the 

peak-to-peak amplitude of the spikes for a typical 1-min recording trace. All of the 

single-neuron spike analyses shown in Figure 4.6, Figure 4.9 and Figure 4.12 were 

carried out based on a 30-min recording session. The peak-to-trough time for each 

recorded spike was defined as the time interval between the major peak (which can be 

either positive or negative) and the following rebound with opposite polarity (Figure 

4.13a, II, upper left inset). All sorted spikes were clustered to determine the number of 

single neurons and assign spikes to each single neuron using the WaveClus software that 

employs unsupervised superparamagnetic clustering of single-unit spikes (43). Spikes 

assigned to the same cluster were coded with the same color and plotted in the first and 

second principal components (PC1-PC2) plane. The noise distribution of sorted spikes 

was obtained by plotting the histogram of the difference between each raw spike and 

average spike waveform at every sampling point. The deviations of all the identified 
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neuron noise distributions were computed by fitting each noise histogram to a Gaussian 

distribution. 

The L-ratio for each cluster of spikes was calculated as follows (50), 

           𝐿𝑟𝑎𝑡𝑖𝑜 =
𝐿(𝐶)

𝑁(𝐶)
=

∑ (1−𝐶𝐷𝐹
𝜒2(𝐷𝑖,𝐶

2 ))𝑖∉𝐶

𝑁(𝐶)
                (2)      

where N(C) denotes the total number of spikes in the cluster, 𝐶𝐷𝐹𝜒2  presents the 

cumulative distribution function of the χ
2
 distribution, and D

2
i,C is the Mahalanobis 

distance of a spike i from the center of the cluster C. The summation goes over the entire 

set of spikes that do not belong to the cluster. An L-ratio of < 0.05 is considered good 

cluster separation/isolation (50, 51).  

The autocorrelation and cross-correlation of raw and average spike waveforms shown 

in Figure 4.5 and 4.7 were computed based on the standard Pearson product-moment 

correlation coefficient defined in Equation (1) for the 3 ms time series of each spike (29). 

A value of 1 indicates identical spike shapes, irrespective of absolute spike amplitudes.  

The spiking times of all clustered single-unit action potentials assigned to each cluster 

(i.e., each single neuron) were used to compute the interspike interval (ISI) histogram 

under different bin sizes for verification of unit isolation (Figure 4.8, bin size = 1 ms) and 

extraction of firing rate by fitting the ISI histogram to a first-order exponential decay 

(Figure 4.6c, bin size = 20 ms) (41). The instantaneous phase of the theta rhythm of LFP 

at the location of each single-unit spike that had been assigned to a certain cluster was 

determined by performing Hilbert transform of the filtered traces in the 4-8 Hz frequency 
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range and phase locking behavior of single-unit spikes was investigated by plotting their 

phase distribution in a polar plot (52). All the extracted phases of individual spikes with 

respect to theta rhythm LFP in each recording session were subjected to a Rayleigh Z-test, 

and Ln(Z) values obtained from multiple recording sessions (across different weeks) for 

each identified neuron were used to test the statistical significance of each neuron’s 

phase-locking behavior (44, 50). A subsequent Rayleigh Z test was then applied to the 

extracted locked phases from each week’s phase distribution from 3 to 34 weeks 

post-injection to test the chronic stability of each neuron’s phase-locking behavior. 

Data analysis of recording from freely behaving mice. For free-roaming mice, the raw 

recording data was collected synchronously with mouse video recording, and then 

bandpass filtered before single-unit spikes were sorted and clustered as described above. 

The video of mouse movement was analyzed with Gaussian blur filter and object tracking 

algorithm using Matlab to extract the mouse’s trajectory and the distance between its 

head and the food pellet in real time. The firing rate of the electrophysiological recording 

was then correlated with the mouse’s motion trajectory to derive the 

interaction-dependent firing behavior when the mouse whisked food pellets in its 

environment. Phase-locking analyses were performed using the same algorithm described 

above between the single-unit spikes from Channel D (located in the barrel field of 

somatosensory cortex) and the theta rhythm of LFP from Channel A (located in 

hippocampus) shown in Figure 4.14 for data recorded when the mouse was whisking 
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food pellets and foraging. These phase-locking results are presented separately for 

durations of active whisking and non-tactile foraging based on dynamic image processing 

of the video recording the mouse movement in the cage. 

Data analysis of electrical stimulation-provoked recording. For analysis of recording 

data with electrical stimulation, the onset time of each stimulus was determined by the 

large artifact peak due to stimulation input picked by all recording electrodes. All 

stimulation trials were aligned to that peak as t = 0 s (where t is the peri-stimulus time, t < 

0 denotes before stimulation and t > 0 denotes after stimulation), based on which 

peri-stimulus raster plot and post-stimulus first spike latency histogram were plotted 

using Matlab. 

4.3.4 Tissue preparation and immunohistochemistry 

The tissue preparation and immunohistochemistry procedures are similar to those 

described in Chapter 3.3. In brief, mice with implanted mesh electronics at post-injection 

times of 2, 6 and 12 weeks were anesthetized with ketamine and dexdomitor, and then 

transcardially perfused with 40 mL 1X PBS and 40 mL 4% formaldehyde (Sigma-Aldrich 

Corp., St. Louis, MO), followed by decapitation and brain harvest. The resected brain 

was then placed in 4% formaldehyde for 24 h, and then transferred to 1X PBS for another 

24 hours at 4 °C to remove remaining formaldehyde. The brain was transferred to 

incrementally increasing sucrose solutions (10–30%) (Sigma-Aldrich Corp., St. Louis, 

MO) at 4 °C to cryoprotect the tissue, transferred to cryo-OCT compound (Tissue-Tek® 



99 
 

O.C.T. Compound, VWR, Radnor, PA) and then frozen at -80 °C. The frozen sample was 

then sectioned into 10-µm-thick horizontal slices using Leica CM1950 cryosectioning 

instrument (Leica Microsystems, Buffalo Grove, IL).The brain tissue sections were then 

rinsed and stained with antibodies in the same manner that was described in Chapter 

3.3.4. 

 

4.4 Conclusion and Future Opportunities 

In summary, our chronic in vivo recording/stimulation platform (Figure 4.1) has 

achieved stable multiplexed LFP and single-unit spike recordings from mouse HIP and 

CTX (Figure 4.3, 4.4 and 4.5) with the capability to continuously track activities from the 

same neurons and neural circuits for up to eight-month periods (Figure 4.6, 4.7 and 4.9; 

Tables 4.1 and 4.2). These results contrast with those for conventional brain probes, 

which generally exhibit spike shape changes over days to weeks for the majority of 

implanted electrodes (7-9, 28-30), although occasionally long-term stability can be 

obtained from one or small numbers of electrodes (31-33). Moreover, the capabilities of 

the mesh electronics platform have been expanded to allow simultaneously recording 

from distinct brain regions using multiple mesh electronics (Figure 4.11a-d) and to 

consistently stimulate and record from neurons over time (Figure 4.11e-g). In addition, 

we have deployed the platform in longitudinal studies of aging-associated neuronal 

changes (Figure 4.12 and 4.13) and long-term recording in freely behaving mice (Figure 
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4.14 and 4.15). To the best of our knowledge, consistent and reproducible stable chronic 

recording/stimulation from the same single neurons/neural circuit, which is achieved in 

our studies by overcoming the challenges of mechanical mismatch and chronic gliosis, 

has not been achieved previously for more than several weeks. Mechanistically, these 

findings can be correlated with the comparable bending stiffness values for the mesh 

electronics and neural tissue, which minimizes or eliminates relative shear motion of the 

electronics inside the brain since the implanted part is effectively decoupled from the I/O 

fixed to the skull.  In addition, near-natural distribution of neurons, axons and glial cells 

at the mesh electronics surface and interior at 6 weeks post-implantation (Figure 4.3) 

contrasts a with the 50-200 μm region of neuron depletion surrounding conventional 

brain implants (28), and clearly substantiates the uniquely observed stable single-unit 

spike amplitudes for the same time periods. Moreover, time-dependent histology (Figure 

4.3d and e) and waveform auto-/cross-correlation analyses (Figure 4.16) provide insight 

into the amplitude increase seen at earlier times (Figure 4.3b; Figure 4.16). First, the 

histology data suggest that amplitude increase is associated with recovery from acute 

implantation damage. Second, representative waveform autocorrelation analysis during 

tissue-recovery process (Figure 4.16) with a similarity close to 1 for the majority of 

identified units indicated that the units identified one week post-injection likely remained 

consistent through eight weeks. The somewhat lower percentage of cross-week 

autocorrelation for some neurons (Figure 4.16b) might suggest a contribution from 
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axon/dendrite regeneration. Last, the observation of a new cluster (neuron 3 in Figure 

4.6b) at 3 weeks indicates that tissue remodeling also made a contribution. 

In addition, the gradually decreasing firing rate, which was found to inversely 

correlate with progressively increasing peak-to-trough time in individual neurons (Figure 

4.12 and 4.13), is consistent with impaired long-term potentiation (LTP), decreased 

[Ca
2+

]i baseline and increased after-hyperpolarization (AHP) as suggested by 

cross-sectional rodent studies (15, 48, 53). Not only are our observations qualitatively 

consistent with population-averaged results discovered by cross-sectional studies (15-18), 

but they also reveal details on the evolution of individual neurons during aging that have 

not been accessible in the past. 

Last, further improvements to increase the multiplexity of our platform and to allow 

for full-amplitude spike recording closer to initial implantation can be made. A 

combination of increasing the number/density of electrodes on each mesh electronics and 

multi-site injection of several meshes in the same animal provides a feasible strategy for 

achieving higher multiplexing. On the other hand, initial tests of implantation with 

substantially reduced insertion needle diameters and injected solution volumes showed a 

significantly shortened delay time (~3 weeks) for full-amplitude recording. Alternative 

approaches involving co-injection of stem cells or anti-inflammatory drugs will also be 

interesting to pursue. Biochemical studies directed at better understanding the 

mechanisms that account for chronic interpenetration of neuronal cells/projections and 
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observed electrophysiological changes during brain aging could comprise desirable future 

directions. However, we suggest that the unique ability to record from and stimulate the 

same single neurons and neural circuits over at least eight-month periods opens up 

important neurobiological opportunities, e.g., understanding fundamental neural circuit 

plasticity, reorganization and development during learning, memory formation and 

aging-associated cognitive decline. Ultimately, closed-loop BMIs in freely behaving 

animals via stable single-neuron-based decoding and communication could be enabled. 
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Chapter 5.  Minimally invasive implantation of 

syringe-injectable mesh electronics in the spinal cord 

and its functional applications 

5.1 Introduction 

The spinal cord and brain collectively make up the central nervous system (CNS). 

The spinal cord is the main pathway that carries information about the external 

environment between the brain and peripheral nervous system (PNS) (1). Spinal cord 

injury (SCI) often causes loss of sensory and motor function in different body parts, 

depending on the site of injury (2, 3). More than 250,000 people suffer from SCI in the 

U.S. alone, and about 17,700 new SCI cases occur each year (4, 5). Pharmacological 

agents and stem cells or other transplantation techniques have been developed for 

regeneration of descending pathways (6-8), although challenges exist in clinical 

applications of these approaches (9-11). 

Implantable neural prostheses have been developed to help patients with spinal cord 

injury restore motor and other function following spinal cord injury (12-14). For example, 

functional electrical stimulation (FES) systems designed for the lower limbs can help 

animals or human patients with SCI with standing and walking (15-18), while those 

designed for upper-limb systems can enable grasping and other functional movements 

(19). However, mechanical mismatch between stiff neural implants and soft spinal cord 

neural tissues hinders the long-term performance of implantable neuroprostheses (20, 21). 
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More recently, researchers from Switzerland have developed a soft neural implant with 

the shape and elasticity of dura mater (e-dura) that is placed on the surface of the spinal 

cord for functional stimulation to assist walking of paralyzed rats with SCI (21). However, 

e-dura, which was placed on the surface of the spinal cord, can only access the top layer 

of spinal cord neurons in the dorsal region, and depends on the reflex pathways to excite 

motor neurons (which are located at the ventral region of spinal cord). As a result, the 

evoked movement diminishes as reflex pathways decline over time and ends after a short 

period (22). Another challenge of existing neural prostheses for SCI is that sensory 

information from the external environment is not incorporated into the neural prostheses 

loop, which reduces its effectiveness. 

In this chapter, I introduce minimally invasive implantation of syringe-injectable 

mesh electronics in the mouse spinal cord and its functional applications. In contrast to 

rigid intraspinal implantations, injection of ultra-flexible mesh electronics causes minimal 

disturbance to surrounding soft tissue. It can be delivered into the spinal cord such that it 

spans the area from the dorsal to the ventral portions, which includes both sensory and 

motor neurons. As a result, a single implanted mesh has the capability to implement dual 

functions: 1) recording of external information from sensory neurons and 2) direct 

stimulation of motor neurons to generate stimulated movements independent of reflex 

pathways. In combination, these two capabilities can support the next-generation 

closed-loop neural prostheses. 
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5.2 Results and Discussion 

5.2.1 Implantation of mesh electronics in the mouse spinal cord 

 Ultra-flexible free-standing mesh electronics was fabricated using standard 

photolithography procedures as described in Chapter 2.3. As shown in Figure 5.1, the 

glass capillary needle, preloaded with mesh electronics, was inserted into the gap 

between two nearby vertebra (C6 | C7) of the mouse spinal cord. Mesh electronics was 

then injected from the glass needle into spinal cord tissue. Due to the nonintrusive nature 

of the needle insertion, mesh electronics could be implanted in the mouse spinal cord 

without removal of any vertebral bones, obviating ancillary injury during probe 

implantation. Figure 5.1c shows a schematic of mesh electronics implanted in the gray 

matter of the spinal cord. Mesh electronics can be implanted into the spinal cord to span 

from the dorsal to the ventral portion, and thus can access both sensory and motor 

neurons in the spinal cord. 
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(Continued) Figure 5.1 Schematics and images of implantation of mesh electronics in 

mouse spinal cord. (a) Schematics of implantation of mesh electronics in mouse spinal 

cord. (b) Images of implantation of mesh electronics in mouse spinal cord. (c) Schematics 

of cross-section view of spinal cord with implanted mesh electronics 

 

5.2.2 Post implantation MSD studies and rotarod test studies 

 We investigated whether mesh implantation affected the motor behavior of the 

implanted mouse by conducting mean square displacement (MSD) studies of caged freely 

behaving mice (n = 3) with mesh electronics implanted in the spinal cord and comparing 

them with sham-operated mice (mice that experienced the same surgery without mesh 

implantation) (n = 3). As is shown in Figure 5.2a, the study subject was placed in a 

standard mouse cage and a camera placed above the cage to record movement. Figure 

5.2b shows time-dependent MSD (See Chapter 5.3 for details) of mesh-implanted and 

sham-operated mice at different time post-surgery. It is notable that there is no significant 

difference between the MSD curves of mesh-implanted and sham-operated mice for all 

time points, although a relatively smaller MSD plateau was observed for both groups at 

the earliest time points (2 days and 1 week post-surgery), presumably due to acute 

muscular damage caused by the surgery. Time-dependent rotarod tests were also 

conducted to study the post-implantation motor behavior of mesh-implanted (n = 3) and 

sham-operated (n = 3) mice. As is shown in Figure 5.3, at all times post-surgery the 

mesh-implanted and sham-operated groups demonstrated no statistically significant 

difference in either duration on the rotarod or the rotation speed at which they could no 
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longer remain on the rotarod. As in the MSD studies, decreased rotarod performance was 

observed for both groups compared to the group that had not experienced surgery at early 

time points. However, by two weeks post-surgery, the rotarod performance of 

mesh-implanted and sham-operated groups was comparable to that of the no-surgery 

group. The MSD and rotarod data together indicate that mesh implantation did not 

adversely affect mouse motor behavior. 

 

Figure 5.2 Post-surgery MSD analysis of mesh-implanted mice (n = 3) and 

sham-operated mice (n = 3). (a) Schematic of MSD study of mouse movement. (b) 

Time-dependent MSD analysis of mice (n = 3) implanted with mesh electronics in the 

spinal cord (black curves) and sham-operated mice (n = 3) as control (red curves) at two 

days (i), one week (ii), two weeks (iii), three weeks (iv), four weeks (v) and eight weeks 

(vi) post-surgery.  

 

Figure 5.3 Post-implantation rotarod test of mesh-implanted mice (n = 3) and  

sham-operated mice (n = 3). (a) The time duration that mesh-implanted mice (magenta), 
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(Continued) sham-operated mice (green) or mice without surgery (dark gray) stay on the 

rotarod. The dark gray bar indicates the group of mice (n = 3) without any surgery. (b) 

The rotation speed that mesh-implanted mice, sham-operated mice or mice without any 

surgery fall off the rotarod. Statistical analysis was conducted using two-tailed unpaired t 

test and P-values of less than 0.05 were considered statistically significant. 

5.2.3 Post implantation histology studies 

 
Figure 5.4 3D histology image of mesh-implanted mouse spinal cord sample at four 

weeks post implantation. The orange-dashed box highlights a region in which neuron 

somata interpenetrate the mesh. 

 We also asked how the implanted mesh electronics interfaces with the surrounding 

soft spinal tissue. To address this question we conducted histology studies of the 

mesh-implanted mouse spinal cord. Figure 5.4 shows a 3D histology image of 

mesh-implanted mouse spinal cord sample at four weeks post implantation. The spinal 

cord tissue sample was stained with monoclonal antibodies for neuronal nuclear antigen 

(NeuN, green), neurofilaments (NF, yellow), and glial fibrillary acidic protein (GFAP, 

magenta) to label neuron somata and astrocytes, respectively (See Chapter 5.3 for details). 

The mesh electronics (red) was covalently labeled with a rhodamine derivative (See 
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Chapter 5.3 for details). Clear interpenetration of neuron somata and axons within the 

mesh boundary was observed (highlighted in the orange-dashed box in Figure 5.4). No 

obvious proliferation of astrocytes was observed around the implanted mesh electronics. 

Together, these observations indicate a seamless probe-tissue interface between the 

implanted mesh electronics and the soft spinal cord tissue, similarly to the interface with 

brain tissue that was discussed in Chapter 3. 

5.2.4 Chronic recording from mouse spinal cord neurons 

Having demonstrated above that the mesh electronics has a negligible effect on 

motor function and forms a seamless interface with spinal cord tissue, we then conducted 

a series of tests to investigate its ability to detect the activity of diverse spinal cord 

neurons. Multiplexed 16-channel mesh electronics was implanted into the mouse spinal 

cord between the C6 and C7 segments spanning the dorsal to the ventral portions (Figure 

5.1).  

 

Figure 5.5 Electrophysiology recordings of spinal cord neurons of mice implanted with 

mesh electronics. (a) Electrophysiology recordings from the spinal cord of an awake 

mouse one week post-implantation. (b) Electrophysiology recordings from spinal cord of 
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(Continued) the same mouse six weeks post-implantation. 

 

Figure 5.6 Average waveforms of spikes recorded from spinal cord neurons. Average 

waveform of representative sorted spikes of Channels #3, 4, 10 and 13 in Figure 5.5 at 

week 1, week 3 and week 6 post-implantation. Each distinct color in the sorted spikes 

represents a unique identified neuron. 

 Figure 5.5a shows representative electrophysiology recordings from mouse spinal 

cord neurons one week post-implantation. Obvious firing events were observed in the 

recording trace. It should be noted that recording electrodes located in both ventral and 

dorsal regions all recorded obvious firing events, suggesting that both motor neurons 

located in the ventral spinal cord and sensory neurons located in the dorsal region can be 

recorded through the implanted mesh electronics. These results led us to ask whether it is 

possible to stably access individual spinal cord neurons. To address this question we 

conducted spike-sorting on recording data from selected channels (Channels #3, 4, 10 and 

13) at 1 week, 3 weeks and 6 weeks post-implantation (Figure 5.6). The neurons recorded 

in these channels showed similar average spike waveforms from week 1 to 6, which 

indicates the chronic recording stability of mesh electronics in the spinal cord (23, 24). 
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5.2.5 Simultaneous recording from the primary motor cortex (mCTX) and spinal 

cord (SC) with optical stimulation of the mCTX 

 

Figure 5.7 Simultaneous recording from mouse mCTX and SC with optical stimulation 

in the mCTX. (a) Simultaneous recording from mCTX and SC with and without optical 

stimulation in the mCTX, frequency: 10 Hz; power density of optical stimulation: 9 

mW/mm
2
. (b) Crosscorrelogram for neurons recorded in mCTX Channel #11 and SC 

Channel #5. 

We then asked whether we could record the activity of spinal cord motor neurons 

following commands from the brain. We implanted 16-channel mesh electronics on the 

left part of the C6 | C7 spinal cord segment of a transgenic mouse (25-28). The right 

motor cortex of the mouse was optically stimulated with a 10 Hz pulse through an optical 

fiber. (See Chapter 5.3 for details) As shown in Figure 5.7a, obvious spike events were 

observed in Channels #4, #5 and #6 of mesh implanted in the spinal cord following each 

optical stimulation from the motor cortex. Moreover, a second mesh electronics was 

simultaneously implanted in the right motor cortex and recorded obvious spike events 

following optical stimulations. We conducted cross-correlation analysis of the motor 

cortex neurons and the spinal cord motor neurons and found an obvious delay in the 

firing of spinal cord motor neurons as compared with motor cortex neurons. (Figure 5.7b) 

Obvious peaks were observed at 14~18 ms in the crosscorrelogram shown in Figure 5.7b, 
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implying a delay of 14~18 ms between spikes recorded from spinal cord motor neurons 

and neurons in the motor cortex, presumably due to multi-synaptic pathway and 

corticospinal tract propagation (29, 30). 

5.2.6 Sensory stimulus recording from the mouse spinal cord following cutaneous 

electrical stimulation 

 

Figure 5.8 Sensory stimulus recording from the mouse spinal cord following cutaneous 

electrical stimulation at day 7 post-implantation. (a) Sensory stimulus recording from 

mouse spinal cord following cutaneous electrical stimulation with intensity of 600 μA, 

each blue dot indicates a stimulation event. (b) (I) Average number of spikes evoked by 

each cutaneous electrical stimulation (II) firing rate of the evoked neuron with different 

stimulation intensities. 

 We then asked whether mesh electronics implanted in the spinal cord have the ability 

to record sensory input from the corresponding limb. We conducted cutaneous electrical 

stimulation on the forelimb of a mouse implanted with mesh electronics in the C6 | C7 

segment of its spinal cord. Obvious firing events were observed in Channel #13 of the 
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implanted mesh electronics following each cutaneous electrical stimulus, as indicated by 

blue dots in Figure 5.8a. We conducted cutaneous electrical stimulus with different 

intensities: 300, 400, 500 and 600 μA, and found that the average number of spikes 

following each stimulation event increased as the stimulation intensity increases, while 

the evoked firing rate of the recorded neuron stayed consistent among the tested 

stimulation intensities for which obvious evoked spikes were observed (Figure 5.8b). We 

also conducted first-spike latency (31, 32) analysis of the evoked firing events (Figure 

5.9), which were consistent among the tested stimulation intensities. These results 

indicate that mesh electronics implanted in the spinal cord has the ability to record 

cutaneous sensory inputs, which could be of value in next-generation closed-loop neural 

prostheses. 

 

Figure 5.9 First-spike latency of spinal cord neurons following cutaneous electrical 

stimulations of 400, 500 and 600 μA. The solid bars are medians, boxes indicate the 

interquartile range and the whiskers indicate 10 and 90 percent. 
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5.2.7 Syringe-injectable mesh electronics implanted in the mouse spinal cord for 

neural prostheses 

 Finally, we asked whether implanted mesh electronics in the spinal cord could evoke 

the movement of mouse forelimbs through functional stimulation of the surrounding 

motor neurons. For purposes of functional stimulation, we designed mesh electronics 

with stimulation electrodes, which are 150 μm in diameter, larger than the 20-μm 

diameter recording electrodes. Mesh electronics was fabricated by standard 

photolithography as aforementioned in Chapter 2.3 and implanted in the spinal cord at the 

C6 | C7 segment on the left. Charge-balanced stimulation pulses (cathode first) with 0.2 

ms duration and 200 μA current were applied to the mouse spinal cord at day 7 

post-implantation. Obvious movement of the left forelimb of the mouse was observed 

following every stimulation pulse. 

 
Figure 5.10 Forelimb movement evoked by electrical stimulation of mouse spinal cord 

and limb kinetic analysis of mouse forelimb movement evoked by electrical stimulation 

of mouse spinal cord at day 7 post-implantation. The positions of the mouse left forelimb 

indicated by red dots in (a) were used to conduct the limb kinetic analysis shown in (b). 

The next logical question was whether implanted mesh electronics can consistently 

evoke identical movement of the mouse forelimb, as neural prosthetics must be able to 
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reproducibly achieve specific motion tasks following an assigned command. We 

conducted limb kinetic analysis of the mouse forelimb movement shown in Figure 5.10, 

which indicated that movement of the mouse limb is identical for each stimulation event. 

This evoked movement is also the same at 14 days post-implantation, which indicates 

that the stimulation administered through the mesh electronics is stable over that time 

period. It is also notable that movement frequency can be controlled by controlling the 

stimulation frequency from 0 to over 20 Hz, which covers the range of human limb 

movements at walking, jogging and running paces (33). We therefore believe that mesh 

electronics is a promising candidate for next-generation neural prostheses to help people 

suffering from spinal cord injury and other neurodegenerative diseases (34, 35). 

 

5.3 Methods and Materials 

5.3.1 Stereotaxic surgery and implantation of mesh electronics in the mouse spinal 

cord 

Vertebrate animal subjects. Adult (25-35 g) male C57BL/6J mice and Thy1-ChR2-YFP 

mice (Jackson Laboratory, Bar Harbor, ME) were used in this study. Exclusion criteria 

were pre-established: animals with failed surgery or substantial acute implantation 

damage (>100 μL of initial liquid injection volume) were discarded for further chronic 

recordings. All procedures performed on the mice were approved by the Animal Care and 

Use Committee of Harvard University. The animal care and use programs at Harvard 
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University meet the requirements of the Federal Law (89-544 and 91-579) and NIH 

regulations and are also accredited by the American Association for Accreditation of 

Laboratory Animal Care (AAALAC). Animals were group-housed on a 12 h:12 h 

light:dark cycle in Harvard University’s Biology Research Infrastructure (BRI) and fed 

with food and water ad libitum as appropriate. 

Stereotaxic injection of mesh electronics in the mouse spinal cord. In vivo injection of 

mesh electronics into the spinal cord of live mice was performed using a controlled 

stereotaxic injection method described previously (36). First, all metal tools in direct 

contact with the surgical subject were autoclaved for 1 h before use, and all plastic tools 

in direct contact with the surgical subjects were sterilized with 70% ethanol and rinsed 

with sterile DI water and sterile 1X PBS before use. Prior to injection, mesh electronics 

was sterilized with 70% ethanol followed by rinsing in sterile DI water and transfer to 

sterile 1X PBS. 

C57BL/6J mice were anesthetized by intraperitoneal injection of a mixture of 75 

mg/kg ketamine (Patterson Veterinary Supply Inc., Chicago, IL) and 1 mg/kg dexdomitor 

(Orion Corporation, Espoo, Finland). The degree of anesthesia was verified via the toe 

pinch method before surgery started. To maintain body temperature and prevent 

hypothermia of the surgical subject, a homeothermic blanket (Harvard Apparatus, 

Holliston, MA) was set to 37 °C and placed underneath the anesthetized mouse, which 

was placed in the stereotaxic frame (Lab Standard Stereotaxic Instrument, Stoelting Co., 
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Wood Dale, IL) equipped with two ear bars and one nose clamp that fix the mouse head 

in position. Puralube® ocular lubricant (Dechra Pharmaceuticals, Northwich, UK) was 

applied to both eyes to moisturize the eye surface throughout surgery. A hair clipper was 

used for depilation of the mouse head and neck and iodophor was applied to sterilize the 

depilated scalp skin. A 1-mm longitudinal incision along the sagittal sinus was made in 

the scalp with a sterile scalpel, and the scalp skin was resected to expose a 6 mm × 8 mm 

portion of the skull. METABOND® enamel etchant gel (Parkell Inc., Edgewood, NY) 

was applied over the exposed cranial bone to prepare the surface for mounting the 

electronics on the mouse skull later. 

A 1 mm diameter burr hole was drilled using a dental drill (Micromotor with On/Off 

Pedal 110/220, Grobet USA, Carlstadt, NJ) according to the following stereotaxic 

coordinates: anteroposterior: -4.96 mm, mediolateral: 3.10 mm. After the hole was drilled, 

the dura was carefully incised and resected using a 27-gauge needle (PrecisionGlide®, 

Becton Dickinson and Company, Franklin Lakes, NJ). Then a sterilized 0-80 set screw 

(18-8 Stainless Steel Cup Point Set Screw; outer diameter: 0.060" or 1.52 mm, groove 

diameter: 0.045" or 1.14 mm, length: 3/16" or 4.76 mm; McMaster-Carr Supply 

Company, Elmhurst, IL) was screwed into this 1-mm burr hole to a depth of 500 μm as 

the grounding and reference electrode. A scalpel blade was used to create a small (ca. 5 

mm) incision above the vertebrae of interest and the size of the incision was then 

increased by forceps or surgical scissors. Use a scalpel to gently dissociate connective 
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fascia and underlying muscle to expose the dorsal spinal. Using a combination of scalpel 

blade, cotton swabs, and/or bone scraper, all overlying tissue from the dorsal laminae was 

removed and a gap carefully opened between two vertebra segments by removal of any 

remaining tissue and the dura mater (37, 38). Sterile 1X PBS was swabbed on the surface 

of the spinal cord tissue to keep it moist throughout the surgery. The mesh electronics was 

injected into the desired spinal cord tissue using a controlled injection method (36). In 

brief, the mesh electronics was loaded into a glass capillary needle with inner diameter 

(I.D.) 200 μm and outer diameter (O.D.) 330 μm (Produstrial LLC, Fredon, NJ). The 

glass capillary needle loaded with mesh electronics was mounted onto the stereotaxic 

stage through a micropipette holder (Q series holder, Harvard Apparatus, Holliston, MA), 

which was connected to a 5 mL syringe (Becton Dickinson and Company, Franklin Lakes, 

NJ) through a polyethylene IntramedicTM catheter tubing (I.D. 1.19 mm, O.D. 1.70 mm). 

Controlled injection was achieved by balancing the volumetric flow rate (typically 10-35 

mL/h), which was controlled by a syringe pump (PHD 2000, Harvard Apparatus, 

Holliston, MA), and the needle withdrawal speed (typically 0.2-0.5 mm/s), which was 

controlled by a motorized linear translation stage (860A motorizer and 460A linear stage, 

Newport Corporation, Irvine, CA). Using the controlled injection method with field of 

view (FoV) visualization through an eyepiece camera (DCC1240C, Thorlabs Inc., 

Newton, NJ), the mesh electronics was delivered to specific spinal cord tissue with 

elongated morphology along the injection direction. For successful long-term recordings, 
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the total injection volume is usually less than 50 μL. Electrical connection of 

syringe-injectable electronics for chronic recording and stimulation was achieved through 

our previously reported conductive ink printing method (36). For in vivo spinal cord and 

brain recordings following optical stimulation, optical fibers were implanted into the 

primary motor cortex and another mesh probe was implanted into the primary motor 

cortex of the mouse brain by previously reported methods (36, 39). 

5.3.2 Mouse MSD performance test 

 To study mouse’s MSD performance, the mouse was placed in a standard mouse cage 

with size of 30 cm (L) x 18.5 cm (W) x 13.5 cm (H) and allowed to behave freely. A 

camera was positioned above the cage so that the whole cage could be observed within 

the camera’s field of view in advance. The mouse’s freely behaving movements were 

recorded by the aforementioned camera continuously to video for at least five minutes for 

each mouse. 

Custom MATLAB software was used to extract the trajectory of mouse movement 

from the recorded video and calculation of MSD at different time post-surgery for both 

mesh-implanted mice and sham-operated mice. The calculated MSD for each mouse in 

the same group was averaged to give the final MSD curve of specific time point 

post-surgery. 
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5.3.3 Mouse rotarod performance test 

Mice were trained with two training sessions separated by 1 h one day before the test 

on rotarod (Harvard Apparatus, Holliston, MA): 1) three trials with a single speed (15 

rpm) rotarod; 2) three trials on acceleration from 4 to 40 rpm over 2 min. After that, the 

rotarod was set with a start speed of 4 rpm, with acceleration from 4 to 40 rpm over 2 min. 

Ensuring the mouse is facing forward before acceleration, start acceleration 10 s after 

placing the mouse on the rotarod. The rotation speed at which the mouse falls off and the 

duration of time the on the rotarod following initial acceleration was recorded with 

SEDACOM Software (Harvard Apparatus, Holliston, MA). The test was repeated three 

times with 10 min between each trial for each mouse and recorded speed and duration 

values represented the mean of the three trials.  

5.3.4 Tissue preparation and histology study of the mesh-implanted mouse spinal 

cord 

Mice with mesh electronics implanted in the spinal cord were anesthetized with 

ketamine/dexdomitor and transcardially perfused with 40 ml 1X PBS and 40 ml 4% 

formaldehyde (Electron Microscopy Sciences, Hatfield, PA). The skin and muscle on the 

neck was removed to expose the spinal cord. The part of the spinal cord tissue where 

mesh electronics was implanted was removed from the spinal cord column and placed in 

4% formaldehyde for 24 h, then transferred to 1X PBS for another 24 h to remove the 

residual formaldehyde.  
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Harvested spinal cord tissue was first cleared using procedures adapted from the 

tissue clearing techniques CLARITY (40) and PACT (41). In brief, the spinal cord tissue 

was placed in 1X PBS containing 4% (w/v) acrylamide (Sigma-Aldrich Corp., St. Louis, 

MO), 1% (v/v) formaldehyde and 0.25% (w/v) VA-044 thermal polymerization initiator 

(Fisher Scientific, Hampton, NH) at 4 °C for 3 days. The solution was replaced with fresh 

solution immediately before placing the spinal cord tissue in X-CLARITY™ 

polymerization system (Logos Biosystems, South Korea) for 3 hours at 37 °C. After 

polymerization, the remaining gel was removed from the tissue surface and the sample 

was rinsed with PBST (1X PBS with 0.2% Triton X-100, Thermo Fisher Scientific Inc., 

Waltham, MA) before being placed in electrophoretic tissue clearing solution (Logos 

Biosystems, South Korea) at 37 °C for 3-5 days until the samples were translucent. After 

clearing, the spinal cord tissue was rinsed once with PBST containing 0.3 M glycine 

(Sigma-Aldrich Corp., St. Louis, MO), placed in fresh PBST containing 0.3 M glycine 

and incubated at 4 °C overnight. The samples were then placed in fresh PBST and gently 

shaken for 5 hours, with PBST replaced hourly. The spinal cord tissue was incubated with 

1:100-1:200 primary antibody, rabbit anti-NeuN (Abcam, Cambridge, UK), mouse 

anti-NF (Abcam, Cambridge, UK), and rat anti-GFAP (Abcam, Cambridge, UK) for 4 

days at 4 °C. After incubation, the sample was placed in fresh PBST at RT to let excess 

antibody diffuse out of the tissue. The PBST was replaced with fresh solution every eight 

hours over the course of two days. Then the samples were incubated with 1:100-1:200 
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secondary antibody, goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 594, 

or goat anti-rat Alexa Fluor 647 (Abcam, Cambridge, UK) for 4 days at 4 °C in PBST. 

Again the sample was placed in fresh PBST at room temperature to allow excess antibody 

to diffuse out of the tissue, and the PBST replaced with fresh solution every eight hours 

over two days. 

Fluorescence images were acquired on a Zeiss LSM 880 confocal/multiphoton 

microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) with a 20x objective 

(numerical aperture = 1.0, free working distance = 5.6 mm). Confocal images of cleared 

and immunostained samples were acquired using 488 nm, 561 nm and/or 633 nm lasers 

as the excitation sources for Alexa Fluor 488, RhBen, Alexa Fluor 594,and Alexa Fluor 

647, respectively. The corresponding bandpass filters are 500-553 nm, 562-590 nm, 

595-650 nm, and 677-755 nm, respectively. Images were acquired by taking a tile scan 

together with Z stacks, with a voxel size of 0.2~0.6 m (X) × 0.2~0.6 m (Y) × 0.4~0.6 

m (Z) and tile scan overlap of 10%. ZEN software (Carl Zeiss Microscopy GmbH, Jena, 

Germany) was used for stitching tile scan images. Imaris software (Bitplane, Zurich, 

Switzerland) was used for color rendering and generating 3D images.  

5.3.5 In vivo spinal cord recording and stimulation in mice 

For chronic brain recording from awake and restrained mice, mice with implanted 

mesh electronics and FFC connector were recorded chronically on a weekly basis. Mice 

were restrained in a Tailveiner® restrainer (Braintree Scientific LLC., Braintree, MA) 
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while the head-mounted FFC was connected to an Intan RHD 2132 amplifier evaluation 

system (Intan Technologies LLC., Los Angeles, CA) through a home-made printed circuit 

board (PCB). The 0-80 set screw was used as a reference. Electrophysiological recording 

was carried out with a 20-kHz sampling rate and a 60-Hz notch filter. 

For cutaneous electrical stimulation evoked spinal cord recordings, mice were 

intraperitoneally injected with a mixture of 25 mg/kg of ketamine (Patterson Veterinary 

Supply Inc., Chicago, IL) and 0.33 mg/kg dexdomitor (Orion Corporation, Espoo, 

Finland) (1/3 of aforementioned dosage for surgery) and were able to react to the pinch 

test when conducting cutaneous electrical stimulation. A 27-gauge needle was inserted 

beneath the forelimb skin and connected to an Intan Stimulation/Recording Controller 

(Intan Technologies LLC., Los Angeles, CA) to generate cathode-first stimulation pulses 

with 1 ms duration and 300~600 A current for cutaneous electrical stimulation. The 

head-mounted FFC was connected to an Intan RHD 2132 amplifier evaluation system 

(Intan Technologies LLC., Los Angeles, CA) through a home-made PCB. The 0-80 set 

screw was used as a common reference for the stimulation and recording system. 

Electrophysiological recording was carried out with a 20-kHz sampling rate and a 60-Hz 

notch filter. 

For electrical stimulation of the spinal cord for neural prostheses, the head-mounted 

FFC of anesthetized mice was connected to an Intan Stimulation/Recording Controller 

(Intan Technologies LLC., Los Angeles, CA) though the aforementioned home-made 
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PCB. The 0-80 set screw was used as reference. Cathode-first charge-balanced 

stimulation pulses with 0.2 ms duration and 50~300 A current was used for electrical 

stimulations of spinal cord. The limb kinetic analysis of stimulation-evoked forelimb 

movement was carried out with custom-designed MATLAB software. The points of 

tracking on the limb with/without stimulation are shown in Figure 5.10a, which includes 

elbow, wrist, knuckle and the tip of the limb of interest. The positions of these points of 

interest were extracted with and without stimulations. The positions without stimulation 

are color-coded red while the positions with stimulation are color-coded blue (Figure 

5.10b). 

5.3.6 In vivo spinal cord and brain recording following optical stimulations 

For in vivo spinal cord and brain recording following optical stimulation, mice were 

intraperitoneally injected with a mixture of 25 mg/kg of ketamine (Patterson Veterinary 

Supply Inc., Chicago, IL) and 0.33 mg/kg dexdomitor (Orion Corporation, Espoo, 

Finland) (1/3 of aforementioned dosage for surgery) and were able to react to the pinch 

test during optical stimulation. As for aforementioned recordings, the head-mounted 

FFCs were connected to an Intan RHD 2132 amplifier evaluation system (Intan 

Technologies LLC., Los Angeles, CA) through a home-made PCB. The 0-80 set screw 

was used as a reference. Electrophysiological recording was made with a 20-kHz 

sampling rate and a 60-Hz notch filter. 10 Hz optical pulse with power density of 3~9 

mW/mm
2
 was applied. 



130 
 

The cross-correlation analysis between neurons recorded from the brain and spinal 

cord was carried out with a custom-made MATLAB program. According to the spike 

timestamps of each of the identified neurons, the original high-pass filtered recording 

traces were turned into binary spike trains with a ‘1’ indicating a firing event and a ‘0’ 

indicating a non-firing event. Then the binary spike trains were subjected to standard 

Pearson product-moment correlation coefficient analysis of each pair, according to the 

following formula: 

𝐶𝑜𝑟𝑟(𝑌1, 𝑌2, ∆𝑡) = ∫ 𝑌1(𝑡)𝑌2(𝑡 + ∆𝑡)𝑑𝑡
𝑇

0

 

 Y1 and Y2 represent the binary spike trains and ∆t represents the time lag. 

 

5.4 Conclusion and Future Opportunities 

In summary, syringe-injectable mesh electronics can be delivered into the mouse 

spinal cord for recording and stimulation of the spinal cord. Unlike other implants, mesh 

electronics can be implanted into spinal cord tissue without removal of any vertebra 

(Figure 5.1). The implanted mesh electronics has negligible effect on normal motor 

function, as evidenced by post-implantation rotarod performance studies and MSD 

studies of freely moving mice (Figure 5.2 and 5.3). In addition, the implanted mesh 

electronics form a seamless interface with surrounding spinal cord tissue (Figure 5.4) and 

can stably detect the activities of spinal cord neurons located at both the ventral and 
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dorsal spinal cord regions where motor and sensory neurons are located (Figure 5.5). 

 The implanted mesh electronics also has the ability to record the activities of spinal 

cord motor neurons following commands from the brain (Figure 5.5 and 5.6). Moreover, 

through implantation of another mesh probe in the brain, we can simultaneously record 

brain and spinal cord neuron activities (Figure 5.7), which could benefit studies of the 

cortical-spinal neural circuit (30, 42). In addition, by carrying out cutaneous electrical 

stimulation on the forelimb of a mouse whose spinal cord is implanted with mesh 

electronics, we found that mesh electronics implanted in the spinal cord has the ability to 

record sensory inputs from the corresponding limb (Figure 5.8 and 5.9). This could 

benefit next-generation closed-loop neural prostheses which incorporate sensory input 

from the environment. Finally, we demonstrated that implanted mesh electronics in the 

spinal cord can evoke the movement of mouse forelimbs through functional stimulation 

of the surrounding motor neurons. Notably, the evoked motion of mouse limb is identical 

for each stimulation event and is stable for at least two weeks post-implantation (Figure 

5.10). 
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(Continued) Figure 5.1 Current and future generations of neural prostheses for SCI 

therapies. (a) Old generation of neural prostheses through functional stimulation of spinal 

cord (16, 21, 22). (b) New generation of neural prostheses through brain activity 

controlled stimulation of spinal cord (45, 46). (c) Next generation of neural prostheses in 

which the sensory information from the limbs recorded from spinal cord are sent to brain 

to generate movement command, thus forming closed-loop neural prostheses. 

 These results are strong evidence that mesh electronics has the potential to be a good 

candidate for next-generation closed-loop neural prostheses for SCI therapies (43, 44, 45). 

For existing neural prostheses, movement of animal limbs is achieved through functional 

stimulation of spinal cord (16, 21, 22) with newer versions that incorporate recorded 

brain activities (46, 47) in which the sensory information from the limbs was not included 

(Figure 5.11). Mesh electronics’ ability to both record spinal cord neuron activities and 

functionally stimulate the spinal cord to evoke mouse limb movements makes it an 

excellent candidate for next-generation closed-loop neural prostheses. Moving forward, 

implantation of mesh electronics in a larger portion of spinal cord tissue, and across more 

spinal segments that control forelimbs or hindlimbs, will potentially be applicable to 

more complicated motions of the forelimbs and/or hindlimbs.  

In addition to its potential application for control of limb movement, implantation of 

mesh electronics in other segments of the spinal cord that control the bladder or other 

organs affected by spinal cord injury could enable broader application of mesh electronics 



133 
 

for next-generation neural prostheses therapies. 
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