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Biomimetics through nanoelectronics: development of three-dimensional 

macroporous nanoelectronics for building smart materials, cyborg tissues and 

injectable biomedical electronics. 

Abstract 

Nanoscale materials enable unique opportunities at the interface between physical 

and life sciences. The interface between nanoelectronic devices and biological systems 

makes possible communication between these two diverse systems at the length scale 

relevant to biological functions. The development of a bottom-up paradigm allows the 

nanoelectronic units to be synthesized and patterned on unconventional substrates. In this 

thesis, I will focus on the development of three-dimensional (3D) nanoelectronics, which 

mimics the structure of porous biomaterials to explore new methods for seamless 

integration of electronics with other materials, with a special focus on biological tissue.  

First, I introduce the fabrication of ultra-flexible macroporous nanoelectronic with 3D 

structure, porosity larger than 99%, hundreds of addressable nanodevices and feature 

sizes ranging from 10 micrometers to 10 nanometers. Second, I demonstrate that these 

nanoelectronics as nanoelectronic scaffolds (nanoES) may be easily integrated with 

organic gel, polymers and biomaterials without altering their physical/chemical 

properties. Notably, these devices can have multiple functions in hybrid materials as 

photodetectors, electrical and chemical sensors, and strain sensors. Third, I present the 

culture of synthetic tissues within these nanoES to generate “cyborg” tissues, introducing 

a fundamentally new way to seamlessly integrate nanoelectronics with tissues in 3D to 
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interrogate tissue activity. The response of cyborg tissue to external drug stimulation or 

microenvironment pH change can be monitored in real time by the embedded devices. 

Finally, I report a method by which freestanding macroporous nanoelectronics can be 

manipulated by syringe injection and self-restore their geometric configuration. The 

electronics can be injected into in-vivo systems to facilitate in a minimally invasive way 

chronic neuron communications, electrode implantation and active tissue scaffold 

implantation. Multiplexed recording of brain signals from nanodevices on the scaffold 

shows promise for studying functional brain activity. The macroporous structure of the 

scaffold allows reorganization of the tissue within the scaffold and promotes migration of 

adult neural stem cells from the subventricular zone to the electronics network. Together, 

these results open up new directions in merging nanoelectronics with living tissue, organs 

and other systems, bringing many opportunities to fields ranging from smart materials 

design and brain-machine interface to regenerative medicine. 
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Chapter 1. Introduction 

In the past half-century, advances in electronics have been driven by increases in 

their complexity and performance, and decreases in unit size (Moore’s law)
1
. The 

mainstream microelectronics industry continues to provide ever-increasing performance 

and functionality and brings new technologies in computing, memory, and 

telecommunication that change the way we live
2
. These developments have in turn 

spurred interest in “macroelectronics,” which requires the low-cost distribution of 

nanoelectronic units and circuits over the largest possible area in unconventional 

configurations, for instance on flexible substrates and in 3D geometries
3
. This new type 

of electronics is expected to bring new applications in flexible displays and integrated 

circuits (ICs)
4
, from paper-like computers

5-6
 to novel methods and solutions for seamless 

integration of electronics with our daily life or even our bodies (for example, wearable 

and implantable biomedical electronics)
7-18

. 

Traditional nanoelectronics fabrication technology mainly relies on the “top-

down” paradigm, in which nanostructures of electronic units are patterned by lithography 

techniques and subsequently etched from single-crystalline bulk materials (for example, 

silicon wafers)
19-20

. This fabrication paradigm intrinsically precludes the transfer of 

nanoelectronic units from the rigid wafer to the other substrates. Although several 

unconventional transfer techniques have been developed
21-22

, they are still at an early 

stage, with operation resolution at the micro- or even millimeter scale, and lack promise 

for large-scale fabrication and manufacturing. Another possible solution may involve 
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patterned organic electronic materials instead of inorganic materials
6, 11-13

. Although their 

flexible properties and fabrication processes are promising for potential use in flexible 

display and consumer electronic devices, those materials do not offer high performance, 

and have uncertain reliability for integrated circuits and stability for ambient sensing.  

As an alternative, inorganic nanomaterials synthesized through the “bottom-up” 

paradigm are more promising for this goal
23-26

. In the bottom-up paradigm, nanomaterials 

are synthesized from the most primitive units, atoms, molecules and nanoclusters, and 

assembled into complex structures
27-30

. The synthesized nanomaterials can be 

manipulated in 3D and can be used to make high-performance electronics and sensors, 

which are patterned on virtually any substrate. In addition, the size of these synthetic 

nanomaterials is comparable to, or even smaller than, state-of-the-art nanoelectronic 

units
31

.  

In addition, nanoelectronic units synthesized by bottom-up methods show great 

promise for interfacing with biological cells and tissues due to: 1) their nanoscale 

features, 2) their unique engineered geometry and composition, which is made possible 

by controlled growth and they cannot be achieved by “top-down” fabrication, and 3) the 

unprecedented integration of functions in a small volume allowed by synthesized 

heterostructures. These advantages are reviewed below.   

1.1 Synthesis of nanowires as nanoelectronic units 

Of all nanoelectronic building blocks for macroelectronics, semiconductor 

nanowires have the most flexible yet controllable structures and electronic properties for 

the following reasons: (1) Through rational design of catalyst and precursor, virtually all 

kinds of semiconductor nanowires can be formed
32-39

; (2) nanowire structure and doping 
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can be rationally modulated to meet different requirements, which is very difficult to 

achieve by traditional fabrication technology
40-44

 and (3) high-performance electronics 

can be realized by synthetic nanowire circuits
45-48

.  

 

Figure 1-1 Schematic of VLS growth of Si nanowires.  a, A liquid alloy droplet AuSi 

is first formed above the eutectic temperature (363 °C) of Au and Si. The continued 

feeding of Si in the vapor phase into the liquid alloy causes oversaturation of the liquid 

alloy, resulting in nucleation and directional nanowire growth. b, Binary phase diagram 

for Au and Si illustrating the thermodynamics of VLS growth.  

 

The most general process for synthesis of high quality nanowires is nanocluster-

catalyzed vapor-liquid-solid (VLS) growth (Fig. 1-1)
49-53

. In this process, the metal 

nanoclusters are heated to form a liquid solution. The presence of a vapor-phase source of 

the semiconductor results in nucleation sites for crystallization. The solid-liquid interface 
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forms the growth interface, causing the continued incorporation of precursor gas and 

precipitation of semiconductor atoms into the lattice, leading to preferential one-

dimensional growth. Different methods have been explored to grow semiconductor 

nanowires. The chemical vapor deposition (CVD) process is the most popular technique 

for VLS growth, in which the metal nanocluster serves as a catalyst. In the case of Si 

nanowire growth, Au nanoparticles serve as catalyst sites where the gaseous precursor 

silane decomposes to provide semiconductor reactant
26,50

. With appropriate selection of 

nanocluster catalyst diameter, reactant gases, pressure and temperature, one can easily 

design nanowire structures de novo and synthesize these structures with different 

modulations of composition, doping defects and geometry
44

. Based on reports in the 

literature
18, 44, 54-55

, virtually all electronic units can be synthesized and implemented into 

single-nanowire structures via the bottom-up paradigm. For example, nanowires 

involving p-i-n dopant modulation in axial and coaxial geometries have been explored to 

synthesize nanowire photovoltaics
54

. Branched nanowires involving nanowire 

heterostructures, including single-crystalline semiconductor groups IV, III-V and II-VI 

and metals, have been explored to synthesize nanowire light-emitting diodes (LEDs), 

field-effect transistors (FET) and biosensors
55

. Kinked nanowires, with precise geometry 

design and dopant modulation in the axial direction, have been utilized in the design of 

localized FET detectors
18,44

.  

1.2 Assembly of nanowires for flexible and 3D high-performance nanoelectronics 

Due to the rapid pace of development in recent decades, a wide range of 

semiconductor nanowires have been produced via CVD growth with high carrier 

mobility, including Ge/Si core-shell nanowires (ca. 730 cm
2
V

-1
s

-1
)
45

, GaAs nanowires 
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(ca. 4100 cm
2
V

-1
s

-1
)
56

 and InAs nanowires (ca. 2000 cm
2
V

-1
s

-1
)
57

. Several assembly 

methods such as flow-directed alignment
58-59

, blown-bubble technique
60

, Langmuir-

Blodgett approaches
30, 61-62

 and shear-printing methods
63-65

 have been developed to to 

form large-scale oriented nanowire arrays at room temperature on virtually all kinds of 

substrates, including silicon wafer, glass, plastics, paper, etc. With standard lithography, 

nanoelectronic units can be coated with a dielectric layer and connected by metal wires to 

form electronic circuitry on those substrates
47

.  

Among the different patterning methods, shear-printing methods, especially the 

lubricant-assisted contact printing method
64

, show great promise due to their ability to 

assemble nanowires uniformly on large scales (several centimeters) and create high-

density individually connected nanowire arrays at high efficiency and with high 

alignment ratios (ca. 90-95% at a ±5º misalignment angle) (Fig. 1-2a). This process uses 

the nanowire growth substrate as a donor substrate to directionally slide over a receiver 

substrate, which is pre-treated to affiliate with the nanowire surface chemically or 

physically. Lubricants such as octane and mineral oils are used between the two 

substrates to reduce friction. During the contact sliding process, nanowires are detached 

from the donor substrate by adhesive interactions with the receiver substrate and 

ultimately realigned by the sliding shear force, resulting in the direct transfer of parallel 

nanowires to the receiver substrate. After further standard fabrication processes, a well 

aligned multiple-nanowire device can be fabricated. Through pre-alignment and transfer, 

McAlpine et al.
66

 demonstrated the fabrication of chemical sensors on a flexible 

substrate. Timko et al.
67 

demonstrated the use of contact printing to assemble silicon 

nanowires on a polymeric substrate to create nanowire FET arrays for electrical detection 
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and recording from chicken cardiomyocytes. Multiplexed recording from these arrays 

recorded signal propagation times across the myocardium with high spatial resolution. 

Takei et al.
68

 used a contact printing technique to assembly Ge/Si core-shell nanowire on 

a polyimide substrate to form fully integrated nanowire active matrix circuitry. 

Integrating it with pressure-sensitive rubber, they demonstrated this circuitry as electronic 

“skin” for pressure sensing with lower operation voltages (<5V) than its organic 

counterparts.  

 

Figure 1-2 Contact printing nanowire for assembly. a, Schematics of contact printing 

nanowire by lubricant-assisted process (courtesy of Ref. 63). b, Schematics and SEM 

image of contact printing nanowire by deterministic nanocombing (courtesy of Ref . 69).   
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However, this technique has limitations with respect to fabrication of high-

performance single-nanowire electronics. While the process enables large-scale and 

uniform assembly of nanowires, it lacks the control to precisely integrate individual 

nanowires at the nanometer scale, causing uneven electronic performance. To further 

extend the contact printing technique, Yao et al. have recently reported a nanocombing 

assembly technique
69

. This new technique involves defining regions of a surface that can 

physically or chemically anchor part of the nanowires and then drawing them out over a 

region of the surface that has little interaction with the nanowire, to stretch and align 

nanowires in highly oriented arrays (Fig. 1-2b). This method pushes the yield of arrays to 

greater than 98.5% of the nanowires aligned, to within ±1º of the combing direction. With 

lithography pre-patterning chemically distinct regions, a deterministic assembly has been 

demonstrated to produce a high yield of single-nanowire (20-30 nm in diameter) devices 

on different substrates.  

In addition, post-growth assembly of nanowires and patterning techniques allow 

for the integration of electronic units through a layer-by-layer assembly process
64-65,70

, 

opening up new opportunities for 3D integrated circuits (3D-ICs). 3D-ICs consisting of 

multiple layers of active electronic units enable more efficient interconnections, higher 

integration density, faster operation speed and lower power consumption. Moreover, this 

technology allows for the integration of different materials without the requirement of 

materials or processing compatibility. As an example, Nam et al. recently demonstrated 

the integration of the first layer n-InAs nanowire with a second layer p-Ge/Si core-shell 

nanowire to form a vertically interconnected 3D complementary metal–oxide–

semiconductor (CMOS) inverter by contact printing
65

.  
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Together, these growth and assembly technologies open up new opportunities to 

realize nanoelectronics on virtually any kind of substrate and 3D interconnections to 

usher nanoelectronics design into a new era.  

1.3 Nanoelectronics in biology: interfacing with cells and tissues 

Nanoelectronic detection of biomolecules and recording of cellular electrical 

activity have been highly successful. The capacity of nanoelectronics for high 

throughput, scalability and low cost has led to novel analytical devices for disease-marker 

detection, DNA sequencing and other applications
71-73

. Electrical recording of cellular 

activity is central to areas ranging from basic biophysical study to medical applications
74-

88
. In past decades, glass micropipette intracellular probes and sharp electrode probes 

have been predominantly used to interface with the internal environment of cells
74-77

, and 

multi-electrode arrays
78-81

 and planar FETs
81-88

 have been used to interface to and record 

from electrogenic cells. These technologies are either invasive or lack the ability to 

record signals in the intracellular and subcellular regions. Moreover, metal-based 

electrical recording suffers from the limitation of liquid-solid input impedance, which 

precludes further decrease of detector size
89

.  
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Figure 1-3 Intracellular electrical recording by nanowire nanoFET device. a, A 3D, 

free-standing kinked nanowire FET probe bent up by stress release of the metal 

interconnects. The yellow arrow and pink star mark the nanoscale FET and SU-8, 

respectively. Scale bars, 5µm. b, Transition from extracellular (I) to intracellular 

recordings during (II) cellular entrance recorded by a kinked nanowire FET probe from 

beating cardiomyocytes. Green and pink stars denote the peak positions of intracellular 

and extracellular signal components, respectively; (III) Steady-state intracellular 

recording. c, Zoom-in signals of an intracellular action potential peak. Blue and orange 

stars designate features that are possibly associated with inward sodium and outward 

potassium currents, respectively. The letters ‘a’ to ‘e’ denote five characteristic phases of 

a cardiac intracellular potential, as defined in text. The red-dashed line is the baseline 

corresponding to intracellular resting state. (Courtesy of Ref. 18). d, SEM image of a 

BIT-FET device (S–D1) and control device (S–D2). e, (I), Representative trace 

(conductance versus time) reflecting the transition from extracellular to intracellular 

recording. (II), Magnified view of the trace inside the black dashed rectangle in (I). (III), 

Magnified view of the trace inside the blue dashed rectangle in (II). The stars in (II) and 

(III) mark the position of extracellular spikes. (IV), Magnified view of the peak inside 

the red dashed rectangle in (I) (Courtesy of Ref. 93).  
 

Recently, there have been several advances using nanowire-based nanoelectronics 

to interface with cells. One has been the use of metallic vertical nanowires as detectors to 

interface with the cells cultured directly on them. Through localized electroporation, the 



10 

 

nanowires can break the cell membrane to form a temporary connection between 

detectors and the intracellular environment
90-91

. However, this technique is still invasive 

to cells despite some modifications which allow longer intracellular detection time. 

Moreover, as mentioned above, metal-based electrical recording probes cannot be made 

smaller and less invasive without increasing the input impedance. In addition, the 

amplitude of signal, temporal resolution and signal-to-noise (S/N) are all limited by the 

sub-microscale size of the detector
89

. Importantly, those vertical metallic nanowires all 

fail to identify the subthreshold voltage change in action potential recording
90-91

. On the 

contrary, the FET has proved to be an “active” detector, in which the sensitivity will drop 

with decreasing detector size
71, 92

. In an FET device, the potential is recorded by 

measuring the conductance between the source and drain electrodes. The potential 

applied to the channels of the FET serves as a gate potential changing the carrier density 

in the FET channels, which leads to conductance change. This process is independent of 

the input impedance of the FET channels and source-drain electrodes; therefore, the size 

of the detector does not affect the sensitivity of the FET. As an example of such an FET 

detector, Tian et al. synthesized kinked nanowire with ca. 80-nm diameter and modulated 

its axial doping to localize a lightly doped nanoscale FET region on the tip of the kink 

with two metallic arms. Stressed metal contacts were formed to leverage the nanowire 

into a 3D probe. Phospholipid bilayers were coated on the surface of the kinked nanowire 

to facilitate the penetration of the nanowire into the cell. Using this nanoFET probe, a full 

amplitude cardiomyocyte action potential with 75-100 mV was recorded (Fig. 1-3 a-c)
18

. 

Moreover, Duan et al.
93

 fabricated a silica nanotube, coated with a phospholipid bilayer, 

on a silicon nanowire to bring the cytosol into contact with the FET region on the bottom 
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when the tube was inserted into cells (Fig. 1-3 d-e). Multiplexed intracellular recordings 

from a single cell or cellular network have been demonstrated with this technique. Based 

on these two concepts, several different intracellular electrophysiological recording 

techniques have been further developed
94-96

. 

In addition to electrophysiological recording, nanowires and nanowire-related 

structures have been used for delivery of biomolecular materials into cells that are 

inaccessible by traditional methods
97-99

 to interrogate genomic behavior of cells.  

Nanotechnology has also significantly advanced our ability to interrogate tissue 

structure. Specifically, nanoparticles have been used to image tissue structure and activity 

in vitro and in vivo
100-101

, and as drug delivery materials to control the release of drugs in 

tissue
102-103

; micro- and nanofluidic channels have been used to deliver or inject 

biomolecules and virus vectors to the targeted tissue region
104

 and 3D macroporous 

materials with micro- and nanoscopic features have been developed to build synthetic 

tissue scaffolds
105

.  

However, there are surprisingly few reports on the use of nanoelectronics to 

interface to and interrogate cellular networks and tissues. The difficulties with this 

approach are that 1) tissue is 3D, irregular flexible structure and 2) in contrast to single 

cells, tissue is still inaccessible to electronic units, as tissues consist of cells closely 

packed in a 3D network and surrounded by dense extracellular matrix. Some flexible 

electronics have been used to interface to the surface of tissue with good attachment and 

adhesion
16-17, 106-107

. However, the surface of tissue provides only limited information that 

can also be acquired by optical methods
108

. To be delivered into tissues, nanoelectronics 

need to be loaded by a rigid substrate so as to mechanically penetrate the tissue, pushing 
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the sensing or stimulation unit close to cells
109-113

. Importantly, the dimensions of this 

rigid substrate must be micro- to millimeter scale in order to maintain enough mechanical 

strength to penetrate the tissue. Consequently, the electronics will occupy a large volume 

inside the tissue. Furthermore, the mechanical mismatch between rigid substrate and soft 

tissue will cause chronic damage during long-term implantation and recording, resulting 

in severe immunoreactivity in the tissue and further degrading the quality of recording 

and stimulation.  At the same time, there is an ever-increasing necessity to deliver and 

seamlessly integrate nanoelectronic units within tissue in 3D. For example, the 

integration of billions of sensing units with neuron and cardiac tissue with single-cell 

addressability to monitor the activity of single neurons in a 3D network in real-time with 

minimal or no invasiveness is key for brain activity mapping
114-115

. Other examples 

include a smart 3D drug release system with the ability to sense microenvironment 

changes throughout tissue
116-117

, a 3D in-situ sequencing technique based on integration 

of nanopore technique with 3D tissue
118-120

,
 
and the development of a completely 

cybernetic organism.  These advances would significantly impact the fields of tissue 

engineering, drug delivery and clinical devices and lead to improvements in clinical 

medicine and our ability to model disease. 

1.4 Overview of thesis    

In this thesis, I first propose a fundamentally new idea for the interfacing and 

integrating nanoelectronics with tissue in vitro and in vivo. This new approach involves 

stepwise incorporation of biomimetic and biological elements into a network with 

addressable, nanoscale-feature units assembled on a centimeter-size scale in a 3D 

structure. This electronic network mimics the flexible and macroporous structure of the 
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extracellular matrix, which allows its integration with other soft materials and 

biomaterials without affecting their physical and chemical properties. I then introduce the 

culture of cells within tissue scaffolds hybridized with a nanoelectronic network to build 

a synthetic tissue with nanoelectronic units intrinsically embedded in vitro - a cyborg 

tissue. Finally, I show that the completely freestanding nanoelectronic network can be 

delivered to and integrated into an in-vivo system through a minimally invasive syringe-

injection method in which the delivered nanoelectronics unfold within tissue to distribute 

nanosensors three-dimensionally in the largest possible volume and act as a scaffold to 

actively guide stem cell growth.   

In Chapter 2, I first introduce a new method to pattern and fabricate a real 3D 

nanoelectronic network. This 3D network is initially fabricated on a 2D sacrificial layer. 

Using a contact printing technique and lithography patterning, single-nanowire based 

nanoelectronics are then patterned into regular arrays formed by polymers. Removing the 

underlying sacrificial layer allows the 2D nanoelectronics to be organized into 3D 

structures by either external manipulation or internal stress control. 

In Chapter 3, I introduce the integration of these 3D nanoelectronic networks with 

other soft materials such as PDMS and gel. Moreover, use of nanoelectronic units such as 

photodetectors, chemical sensors and strain sensors will be demonstrated.  

In Chapter 4, I focus on transforming the nanoelectronic network into a 3D 

network that mimics the structure of different extracellular matrices and integrates with 

synthetic or nature tissue scaffolds to form hybrid nanoelectronic scaffolds. Moreover, 

neurons and cardiomyocytes are cultured within this hybrid nanoelectronic scaffold to 

develop a synthetic cellular construct with embedded nanoelectronics. Their potential 
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application in pharmacology is discussed. Finally, I discuss using this nanoelectronic 

scaffold alone with smooth muscle cells to build a vascular construct that can act as 

nanoelectronic blood vessel, and discuss the functions of the nanoelectronic units in this 

nanoelectronic blood vessel.  

In Chapter 5, I focus on how to deliver and integrate this nanoelectronic network 

into in-vivo systems, with emphasis on in-vivo brain tissue. Specifically, I introduce a 

syringe-injection method to deliver the nanoelectronic network. The behavior of the 

nanoelectronic network in the needle and tissue analogies is discussed. Implantation and 

the integration of nanoelectronics with brain tissue are analyzed, especially the 

immunoreactivity of the tissue to the electronics in chronic implantation. Finally, 

preliminary data are presented which show the promise of nanoelectronics as an active 

tissue scaffold for guiding the outgrowth of neuron stem cells in the subventricular zone. 
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Chapter 2. Three-dimensional macroporous 

nanoelectronics network 

2.1 Introduction 

Seamlessly merging functional electronic circuits in a minimally-invasive manner 

with host materials in 3D could serve as a pathway for creating "very smart" systems 

because this would transform conventional inactive materials into active systems. For 

example, embedded electronic sensor circuitry could monitor chemical, mechanical or 

other changes throughout a host material, thus providing detailed information about the 

host material’s response to external environments as well as desired feedback to the host 

and external environment
1-2

. To achieve this goal, the addressable electronics should be 

firstly macroporous, not planar, to enable 3D interpenetration with the host materials. 

Second, to minimize invasiveness of the macroporous electronic network it must have (1) 

microscale to nanoscale feature sizes, (2) a small filling fraction with respect to the host 

(e.g., ≤ 1%), (3) comparable or softer mechanical properties than the host, and (4) an inert 

chemical response within the host material.   

The constraints outlined above require the utilization of 3D nanoelectronic 

networks that are macroporous and have active elements (nanodevices). Two basic 

methods have been used to fabricate 3D integrated electronic circuits. The first involves 

bonding substrates, each containing devices/circuits integrated in 2D, together in a 3D 

stack
3-4

. The second exploits bottom-up assembly of nanoelectronic elements in a layer-

by-layer manner
5-7

. However, both methods yield solid or nonporous 3D structures that 
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only allow the top-most layer of electronic elements to be merged directly with a second 

material and thus precluding integration of all of the electronic elements seamlessly with 

a host material in 3D. Here, we introduce a general strategy for preparing a 3D 

macroporous nanoelectronic network that contains regular arrays of addressable nanowire 

nanoelectronic elements distributed and patterned in 3D structure.  

2.2 Experimental 

2.2.1 Nanowire synthesis  

Uniform 30 nm p-type silicon nanowires were synthesized using reported 

methods (37). Single-crystalline nanowires were synthesized using the Au nanocluster-

catalyzed vapor-liquid-solid growth mechanism in a home-built chemical vapor 

deposition (CVD) system described previously
8
. Au nanoclusters (Ted Pella Inc., 

Redding, CA) with 30 nm diameters were dispersed on the oxide surface of silicon/SiO2 

substrates (600 nm oxide) and placed in the central region of a quartz tube CVD reactor 

system. In a typical synthesis, the total pressure was 40 torr and the flow rates of SiH4, 

diborane (B2H6, 100 p.p.m. in H2), and hydrogen (H2, Semiconductor Grade), were 2, 2.5 

and 60 standard cubic centimetres per minute (SCCM), respectively. The silicon-boron 

feed-in ratio was 4000:1, and the total nanowire growth time was 30 min. 

2.2.2 2D and 3D macroporous nanowire nanoelectronic network fabrication  

The 3D macroporous nanowire nanoelectronic networks was initially fabricated 

on the oxide or nitride surfaces of silicon substrates (600 nm SiO2 or 100 nm SiO2/200 

Si3N4, n-type 0.005 V·cm, Nova Electronic Materials, Flower Mound, TX) prior to relief 

from the substrate. Key steps (Fig. 2-1) used in the fabrication of the 3D macroporous 
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nanowire nanoelectronic networks were as follows: (1) lithography and thermal 

deposition were used to pattern a 100 nm nickel metal layer, where the nickel served as 

the final relief layer for the 2D free-standing macroporous nanowire nanoelectronic 

networks. (2) A 300-500 nm layer of SU-8 photoresist (2000.5, MicroChem Corp., 

Newton, MA) was deposited over the entire chip followed by pre-baking at 65 
o
C and 95 

o
C for 2 and 4 min, respectively, then (3) the synthesized nanowires were directly printed 

from growth wafer over the SU-8 layer by the contact printing methods reported 

previously
6
. (4) Lithography (photolithography or electron beam lithography) was used to 

define regular patterns on the SU-8. After post-baking (65 
o
C and 95 

o
C for 2 and 4 min, 

respectively), SU-8 developer (MicroChem Corp., Newton, MA) was used to develop the 

SU-8 pattern. Those areas exposed to UV light or electron beam became dissolvable to 

SU-8 developer and other areas were dissolved by SU-8 developer. Those nanowires on 

the non-exposed area will be removed by further washing away in isopropanol solution 

(30 s) for twice leaving those selected nanowires on the regular pattern SU-8 structure. 

The SU-8 patterns were curing at 180 
o
C for 20 min. (5) A 300-500 nm layer of SU-8 

photoresist was deposited over the entire chip followed by pre-baking at 65 
o
C and 95 

o
C 

for 2 and 4 min, respectively. Then lithography was used to pattern the bottom SU-8 

layer for passivating and supporting the whole device structure. The structure was post-

baked, developed and cured by the same procedure as described above. (6) Lithography 

and thermal deposition were used to define and deposit the metal contact to address each 

nanowire device and form interconnections to the input/output pads for the array. For the 

mesh device, in which the metal is non-stressed, symmetrical Cr/Pd/Cr (1.5/50-80/1.5 

nm) metal was sequentially deposited followed by metal lift-off in acetone. For the self-
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organized networks, in which the metals are stressed, nonsymmetrical Cr/Pd/Cr (1.5/50-

80/50-80 nm) metal was sequentially deposited followed by metal lift-off in acetone. (7) 

A 300-500 nm layer of SU-8 photoresist was deposited over the entire chip followed by 

pre-baking at 65 
o
C and 95 

o
C for 2 and 4 min, respectively. Then lithography was used 

to pattern the top SU-8 layer for passivating the whole device structure. The structure was 

post-baked, developed and cured by the same procedure as described above. (8) The 2D 

macroporous nanowire nanoelectronic networks was released from the substrate by 

etching of the nickel layer (Nickel Etchant TFB, Transene Company Inc., Danvers, MA) 

for 60-120 min at 25 
o
C. (9) The 3D macroporous nanowire nanoelectronic networks 

were dried by a critical point dryer (Autosamdri 815 Series A, Tousimis, Rockville, MD) 

and stored in the dry state prior to use.  
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Figure 2-1 Schematic of mesh nanoES fabrication. Components include silicon wafer 

(cyan), nickel relief layer (blue), polymer ribbons (green), metal interconnects (gold) and 

silicon nanowires (black). The width of the polymer ribbons was 10-40 µm. Symmetrical 

Cr/Pd/Cr (1.5/50-100/1.5 nm) metals and asymmetrical Cr/Pd/Cr (1.5/50-100/50 nm) 

defined by photolithography were used as the minimally stressed nanowire interconnects. 

3D device constructs were made by manual folding or rolling by internal stress of the 

mesh electronics after the step of (i).  

2.2.3 Freestanding three-layer interconnect ribbon fabrication and mechanical 

testing  

A Ni sacrificial layer was defined on a SiO2/Si substrate (600nm SiO2, n-type 

silicon 0.005 V·cm, Nova Electronic Materials, Flower Mound, TX) by EBL and thermal 

deposition. SU-8/metal/SU-8 elements with 100 µm long and 5 µm wide segments over 

the Ni-layer and wider segments directly on substrate were defined by EBL using the 
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same approach described above. In brief, a 500-nm-thick SU-8 layer was deposited by 

spin coating and defined by EBL to serve as the bottom SU-8 layer. Then EBL, thermal 

deposition and lift-off were used to define an asymmetrical metal layer consisting of a 3-

µm-wide Cr/Pd/Cr (1.5/80/50 nm) ribbon centered on the bottom SU-8 element. Last, the 

top 500 nm thick SU-8 layer of the SU-8/metal/SU-8 elements were defined, and then the 

Ni sacrificial layer was removed by Ni etchant, where the final drying step was carried 

out by critical point drying (Autosamdri 815 Series A, Tousimis, Rockville, MD). A 

schematic and an optical image of the resulting sample element are shown in Figure 2-2a 

and Figure 2-2b, respectively. An atomic force microscope (AFM, MFP 3D, Asylum 

Corp.) was used to measure force versus displacement curves for the SU-8/metal/SU-8 

elements (Fig. 2-2a). The tip of the AFM was placed at the free end of the ribbon element 

and then the applied force and displacement were recorded while the AFM tip was 

translated down (loading) and then up (unloading), with a typical data shown in Figure 

2-2c. The spring constant of the AFM cantilever/tip assemblies used in the measurements 

were calibrated by measuring the thermal vibration spectrum
9
. 
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Figure 2-2 Bending stiffness measurements. a, Schematic illustrating the measurement 

of the bending stiffness of a representative SU-8/metal/SU-8 element in the macroporous 

nanoelectronic networks. EBL is used to define substrate-fixed and substrate free beams, 

where internal stress in the central metal layer causes the structure to bend-up upon relief 

from the substrate. The tip of the AFM is placed at the free end of the ribbon, and then 

translated vertically downward (loading) and upward (unloading) to yield the force-

displacement curves. In the scheme, w: the width of the ribbon, l0: the length of the 

ribbon, l: the projected length of the ribbon and d: the displacement of the AFM tip. b, 

Optical micrograph of the fabricated structural element, where the substrate fixed portion 

is highlighted by the red dashed rectangle and the free beam is in the upper portion of the 

image with a width of 5 µm and a length of 100 µm. c, A typical force – displacement 

curve with F/d for loading and unloading of 12 and 10.5 nN/µm, respectively. Similar 

deviation between the loading and unloading has been attributed to inelastic 

deformation
30

; hence, we use the larger loading value in calculations to provide an upper 

limit.  
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2.2.4 3D nanoelectronics structure simulation  

The self-organization of the mesh structure due to residual stress was simulated 

by the commercial finite element software ABAQUS. Both the SU-8 ribbons and the SU-

8 / metal ribbons were modeled as beam elements. The cross-sectional property of the 

SU-8 / metal ribbons was defined by the appropriate meshed beam cross-section, while 

the cross-sectional property of the SU-8 ribbons was set by defining the relevant 

rectangular profile. The equivalent bending moment on SU-8/metal ribbons was 

calculated using the residual stress measured by MET-1 FLX-2320-S thin film stress 

measurement system, which were 1.35 and 0.12 Gpa for Cr (50 nm) and Pd (75 nm), 

respectively. 

2.2.5 Characterization of macroporous nanoelectronic networks  

Scanning electron microscopy (SEM, Zeiss Ultra55/Supra55VP field-emission 

SEMs) was used to characterize the macroporous nanoelectronic networks. Bright-field 

and dark-field optical micrographs of samples were acquired on an Olympus FSX100 

system using FSX-BSW software (ver. 02.02). Fluorescence images of the 3D 

macroporous nanoelectronic networks were obtained by doping the SU-8 resist solution 

with Rhodamine 6G (Sigma-Aldrich Corp., St. Louis, MO) at a concentration less than 1 

μg/mL before deposition and patterning. ImageJ (ver. 1.45i, Wayne Rasband, National 

Institutes of Health, USA) was used for 3D reconstruction and analysis of the confocal 

and epi-fluorescence images.  

2.2.6 Electrical measurement of 3D macroporous nanoelectronic networks 

Nanowire device recording was carried out with a 100 mV DC source voltage, 

and the current was amplified with a home-built multi-channel current/voltage 
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preamplifier with a typical gain of 10
6
 A/V. The signals were filtered through a home-

built conditioner with band-pass of 0-3 kHz, digitized at a sampling rate of 20 kHz (Axon 

Digi1440A) and recorded using Clampex 10 software (MDS). The nanowire FET 

conductance and transconductance (sensitivity) were measured in 1× PBS as described 

previously
10

.  The slope of a linear fit to conductance versus water-gate potential (Vgate) 

data was used to determine transconductance. Ag/AgCl reference electrodes were used in 

all recording experiments. 

2.3 Results and discussion 

2.3.1 Nanoelectronics fabrication and structure characterization  

We have focused on a bottom-up approach for realizing 3D macroporous 

nanoelectronic networks in Figure 2-3. In this approach, we utilize functional nanowire 

nanoelectronic elements (Fig. 2-3a), where variations in composition, morphology and 

doping encoded during synthesis
11-19

 define diverse functionality including devices for 

logic and memory
20,21

, sensors
18,23

, light-emitting diodes
17

, and energy production and 

storage
24,25

. The macroporous nanoelectronic network with chosen nanowire elements 

(Fig. 2-3b) is realized through a combination of nanowire assembly and conventional 2D 

lithography carried out on a sacrificial substrate (see below); removal of the sacrificial 

layer yields free-standing and flexible 2D macroporous nanoelectronic networks (Fig. 2-

3b). The 2D macroporous nanoelectronic networks are organized into 3D macroporous 

structures by either self- or directed-assembly.  
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Figure 2-3 Strategy for preparing 3D macroporous nanoelectronic networks. a, 

Different nanowire nanoelectronic elements (from left to right): kinked nanowire, 

nanotube, core-shell, straight and branched nanowire. b, Free-standing 2D macroporous 

nanowire nanoelectronic “precursor”. Blue: nanoelectronic element, orange: passivation 

polymer, black: metal contact and input/output (I/O).  
 

The key steps involved in the fabrication, 3D organization and characterization of 

the macroporous nanoelectronic networks are outlined in Figure 2-4. First, nanowires 

were uniaxially-aligned by contact printing
14

 on the surface of a layer of SU-8 negative 

resist, where the SU-8 was deposited by spin-coating on a Ni sacrificial layer deposited 

on a carrier substrate (Fig. 2-4a, I). Second, the SU-8 layer with aligned nanowires was 

patterned to define a periodic array by photolithography or electron beam lithography 

(EBL), and the excess nanowires on unexposed regions of the SU-8 were removed when 

the pattern was developed (Fig. 2-4a, II). The nanowire density and feature size in 

periodic arrays were chosen such that each element contained on average 1-2 nanowires. 

Third, a second SU-8 layer was deposited and patterned in a mesh structure by 

lithography (Fig. 2-4a, III). This SU-8 mesh serves to interconnect the nanowire/SU-8 

periodic features and provides an adjustable support structure to tune the mechanical 

properties. Fourth, metal interconnects were defined by standard lithography and metal 

deposition on top of the appropriate regions of the SU-8 mesh, such that the end of 
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nanowires were contacted and the nanowire elements were independently addressable 

(Fig. 2-4a, IV). Last, a third SU-8 layer was lithographically patterned to cover and 

passivate the metal interconnects.  

 

Figure 2-4 Organized 2D and 3D macroporous nanoelectronic networks. a, 

Schematics of nanowire registration by contact printing and SU-8 patterning. Gray: 

Silicon wafer, blue: Ni sacrificial layer, black ribbon: nanowire, green: SU-8, red: metal 

contact. (Top) shows top view and (bottom) shows side view. (I): Contact printing 

nanowire on SU-8. (II): Regular SU-8 structure was patterned by lithography to 
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(Continued) immobilize nanowires. Extra nanowires were washed away during the 

develop process of SU-8. (III): Regular bottom SU-8 structure was patterned by spin-

coating and lithography. (IV): Regular metal contact was patterned by lithography and 

thermal evaporation, followed by top SU-8 passivation. b, Dark field optical images 

corresponding to each step of schematics in (a). The nanowire and SU-8 features appear 

green in these images. The small red features on the right and lower edges of the image in 

(II) correspond to metal lithography markers used in alignment. The red dashed line 

highlights metal contacts/interconnects in (IV). c, SEM image of a 2D macroporous 

nanoelectronic network prior to release from the substrate. Inset, corresponds to zoom-in 

of the region enclosed by the red dashed box containing a single nanowire device. d, 

Photograph of wire-bonded free-standing 2D macroporous nanoelectronic network in 

petri-dish chamber for aqueous solution measurements. The red dashed box highlights the 

free-standing portion of the nanoelectronic network and the white-dashed box encloses 

the wire-bonded interface between the input/output (I/O) and PCB connector board. e, 

Zoom-in of the region enclosed by the red-dashed box in (d). f, Histogram nanowire 

device conductance in the free-standing 2D macroporous nanoelectronic networks. g, 

Photograph of a manually scrolled-up 3D macroporous nanoelectronic network. h, 3D 

reconstructed confocal fluorescence images of self-organized 3D macroporous 

nanoelectronic network viewed along the x-axis. Nonsymmetrical Cr/Pd/Cr metal layers 

(see Experimental section), which are stressed, were used to drive self-organization. The 

SU-8 ribbons were doped with Rodamine-6G for imaging.  
 

Dark-field optical microscopy images obtained from a typical nanoelectronic 

mesh fabrication corresponding to the steps described above (Fig. 2-4b) highlight several 

important features. First, the images recorded after contact printing (Fig. 2-4b, I) confirm 

that nanowires are well-aligned over areas where nanowire devices are fabricated. We 

can achieve good nanowire alignment on length scales up to at least several centimeters 

as reported elsewhere
6-7, 14

. Second, a representative dark-field image of the patterned 

periodic nanowire regions (Fig. 2-4b, II) shows that this process removes nearly all of 

the nanowires outside of the desired features. Nanowires can be observed to extend 

outside of the periodic circular feature (i.e., an end is fixed at the feature) at some points; 

however, these are infrequent and do not affect subsequent steps defining the nanodevice 

interconnections. Third, images of the underlying SU-8 mesh (Fig. 2-4b, III) and final 

device network with SU-8 passivated metal contacts and interconnects (Fig. 2-4b, IV) 

highlight the regular array of addressable nanowire devices realized in our fabrication 



33 

 

process. Last, scanning electron microscopy (SEM) images (Fig. 2-4c) show that these 

device elements have on average 1-2 nanowires in parallel. 

The 2D nanoelectronic mesh structures were converted to free-standing 

macroporous networks by dissolution of the sacrificial Ni layers over a period of 1-2 h 

(see Experimental section). Representative images of a free-standing nanoelectronic 

network (Fig. 2-4d and Fig. 2-4e) highlight the 3D and flexible characteristics of the 

structure and show how input/output (I/O) to the free-standing network can be fixed at 

one end outside of a solution measurement petri-dish chamber. Electrical characterization 

of individually-addressable nanowire device elements in a free-standing mesh 

demonstrates that the device-yield is typically ~90% (from 128 device design) for the 

free-standing nanoelectronic mesh structures fabricated in this way. The average 

conductance of the devices from a representative free-standing mesh (Fig. 2-4f), 2.85  

1.6 S, is consistent with 1-2 nanowires/device based on measurements of similar (30 nm 

diameter, 2 µm channel length) p-type Si single nanowire devices
26

, and thus also agrees 

with the structural data discussed above. In addition, by varying the printed nanowire 

density and S/D metal contact widths, it is possible to tune further the average number of 

nanowires per device element. 

These 2D free-standing macroporous nanoelectronic networks were transformed 

to 3D structures using two general methods. First, 2D macroporous nanoelectronic 

networks were manually rolled-up into 3D arrays (Fig. 2-4g) with nanoelectronic 

elements in different layers of the resulting "scroll". Second, by introducing built-in stress 

in metal interconnects with a trilayer metal stack, the mesh can be designed to self-

organize into a similar scrolled structure as achieved by manual rolling
13, 27

. A 
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reconstructed 3D confocal fluorescent image of a 3D nanoelectronic mesh array produced 

in this manner (Fig. 2H) shows clearly the 3D macroporous nanoelectronic network and 

can be used to estimate a free volume of (>99%).  More generally, these self-organized 

3D macroporous nanoelectronic structures could be readily diversified to meet goals for 

different hybrid materials using established mechanical design and bifurcation 

strategies
28

.  

 

Figure 2-5 Schematics for bending stiffness calculation. a, A schematic of the position 

of the substrate free beam before (black) and after (red) applying a calibrated force, F, 

and vertical displacement, d, at the end of the beam with the AFM. b, The angle between 

the tangential direction of a material point on the beam and the horizontal direction, ψ, of 

the ribbon before (black) and after displacement, ψ+φ, (red). l0: the total length of the 

ribbon. l: projection of the ribbon.  

2.3.2 Mechanics analysis  

The 3D macroporous nanoelectronic networks consist of single-layer polymer 

(SU-8) structural and three-layer ribbon (SU-8/metal/SU-8) interconnect elements. The 

effective bending stiffness per unit width of the 3D macroporous nanoelectronic networks 

can be estimated
29

 by equation (1)  

mmss DDD        (1) 
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where s  and m  are the area fraction of the single-layer polymer and three-layer 

interconnect ribbons in the networks. Ds=Esh
3
/12 is the bending stiffness per unit width 

of the single-layer polymer, where Es = 2 GPa and h are the modulus and thickness of the 

SU-8. For a SU-8 ribbon with 500 nm thickness, Ds is 0.02 nN·m. Dm is the bending 

stiffness per unit width of a three-layer structure, which includes 500 nm lower and upper 

SU-8 layers and 100 to 130 nm metal layer, and was measured experimentally as 

described below and shown in Figure 2-2. 

Qualitatively, the facile manipulation of the macroporous nanoelectronic 

networks to form 3D structures suggests a very low effective bending stiffness. We have 

evaluated the effective bending stiffness, D , using a combination of calculations and 

experimental measurements. Due to the residual stress, the SU-8/metal/SU-8 elements 

bend upward from the substrate (due to internal stress of the asymmetric metal layers) 

with a constant curvature, K0, and projected length, l, where l0 is the free length defined 

by fabrication. We use the curvilinear coordinate, s, to describe the distance along the 

curved ribbon from the fixed end, and the coordinate, χ, to describe the projection 

position of each material point of the ribbon (Fig. 2-5a). For a specific material point 

with distance s , the projection position χ can be calculated as dsx  cos , where 

sK 0  is the angle between the tangential direction of the curvilinear coordinate s and 

the horizontal direction (Fig. 2-5b). Integration yields 00 /)sin( KsKx  and when χ = l 

and s = l0, K0 = 0.0128 µm
-1 

for typical experimental parameters l0 = 100 µm and l = 75 

µm.  
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As the element is deflected a distance, d, by the AFM tip with a force, F, each 

material point is rotated by an angle, φ, (Fig. 2-5b), where the anti-clockwise direction is 

defined as positive. Assuming a linear constitutive relation between the moment M  and 

curvature change dφ/ds
30

 yields  

mwD

M

ds

d



         (2) 

where M is the moment as a function of position, x  (Fig. 2-5), and w is the width.  

)()( xlFxM                                                             (3) 

Solving for the bending stiffness, Dm, with the assumption that   is small so that  sin  
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The slope of a representative loading force-deflection curve, yields F/d=12 nN/µm (Fig. 

2-2c), and using equation (4) the calculated bending stiffness per width (w= 5 µm) is Dm 

= 0.358 nN·m. For typical 3D macroporous nanoelectronic networks the area fraction for 

both types of elements (i.e., SU-8 and SU-8/metal/SU-8) can range from 1–10%, yielding 

values of the effective bending stiffness from 0.0038 to 0.0378 nN·m. 

2.4 Conclusions 

We have demonstrated a general strategy for preparing ordered 3D interconnected 

and addressable macroporous nanoelectronic networks from ordered 2D nanowire 

nanoelectronic “precursors”, which are fabricated by conventional lithography. The 3D 

networks have porosities larger than 99%, contain 100’s of addressable nanowire devices, 

and have feature sizes from the 10 micron scale for electrical and structural 
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interconnections to the 10 nanometer scale for the functional nanowire device elements. 

The network is extremely flexible with the bending stiffness from 0.0038 to 0.0378, 

which is the most flexible electronics reported. 
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Chapter 3. Integration of three-dimensional 

macroporous nanoelectronics with materials 

3.1 Introduction 

Seamless integration of electronics with host materials could transfer inactive 

materials into active materials, which allow the communication between the materials 

and external environment, and implement multifunction from nanoelectronics into host 

materials to create a smart system
1-2

. Traditional electronics are planar and rigid, 

however, most materials and systems in our daily life are three-dimensional (3D) and 

non-planar. To overcome this issue, flexible electronics have been developed to cover on 

the surface of other systems to implement the functions into host materials
3-5

. However, 

those surface electronics are still not able to detect the property change through the whole 

materials in 3D and provide a full range of control. People can implant the rigid probe 

into those materials. However, those methods are invasive. The mechanical mismatch 

between those probes and materials cause further break during the implementation
6-8

. 

Herein, we introduce a general strategy to 3D integration of electronics described in 

Chapter 2 with host materials and also show how these electronic networks in the host 

materials can be used to map chemical and mechanical changes induced by the external 

environment in 3D.   
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3.2 Experimental  

3.2.1 3D macroporous photodetectors and device localization in 3D  

Confocal laser scanning microscopy (Fluoview FV1000, Olympus America Inc., 

PA) was used to characterize the 3D macroporous nanoelectronic network. Conventional 

405 nm and 473 nm wavelength lasers, where 405 nm was used to produce photocurrents 

in the nanowire transistor devices, and the 473 nm was used for fluorescence imaging. 

The SU-8 structure was doped with Rodamine 6G for fluorescence imaging. The 

macroporous nanoelectronic network was immersed into dioniozed (DI) water, individual 

devices were biased with 100 mV, and 40X or 100X water immersion objectives were 

used for imaging. The photocurrent signal was amplified (SIM 918, Stanford Research 

System, MA) bandpass filtered,   (1-6000 Hz, home-built system), and synchronized with 

laser scanning position using an analog signal input box (F10ANALOG, Olympus 

America Inc., PA). The conductance signal from the resulting images was read out by 

imageJ, and the data were analyzed and fitted by OriginPro. 

3.2.2 3D macroporous chemical sensors  

Agarose (Sigma) was dissolved into DI water and made as 0.5%, and heated up to 

100 
o
C. The gel was drop casting onto the device and cooled down to room temperature. 

4',6-diamidino-2-phenylindole (DAPI, Sigma) was used to dope the gel for the confocal 

3D reconstructed imaging. A PDMS fluidic chamber with input/output tubing and 

Ag/AgCl electrodes was sealed with the silicon substrate and the device or device-gel 

hybrid using silicone elastomer glue (Kwik-Sil, World Precision Instruments, Inc). Fresh 

medium was delivered to the device region through both inner and outer tubing. The 

solution pH was stepwise varied inside the channel by flowing (20 mL/h) 1x phosphate 
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buffered solutions with fixed pH values from pH 6-8. The recorded device signals were 

filtered with a bandpass filter of 0-300 Hz. 

3.2.3 3D macroporous strain sensors in elastomer 

A freestanding 2D macroporous nanoelectronic network was suspended in water, 

and placed on a thin (200 – 500 µm) piece of cured silicone elastomer sheet (Sylgard 184, 

Dow Corning). The hybrid macroporous nanowire network/silicon elastomer was rolled 

into a cylinder, infiltrated with uncured silicone elastomer under vacuum, and cured at 70 

°C for 4 hours. The resulting hybrid nanoelectronic/elastomer cylinders had volumes of 

ca. 300 mm
3
 with volume ratio of device/elastomer of < 0.1%. The structure of the 

macroporous electronics/elastomer hybrid was determined using a HMXST X-ray micro-

CT system with a standard horizontal imaging axis cabinet (model: HMXST225, Nikon 

Metrology, Inc., Brighton, MI). In a typical imaging experiment, the acceleration voltage 

was 60-70 kV, the electron beam current was 130-150 mA, and no filter was used. 

BGStudio MAX (ver. 2.0, Volume Graphics GMbh, Germany) was used for 3D 

reconstruction and analysis of the micro-CT images, which resolve the 3D metal 

interconnect structure and nanowire S/D contacts; the Si nanowires were not resolved in 

these images but were localized at the scale of the S/D contacts. The piezoelectric 

response to strain of the nanowire devices was calibrated using a mechanical clamp 

device under tensile strain, where the strain was calculated from the length change of the 

cylindrical hybrid structure. The bending strain field was determined in experiments 

where the cylindrical hybrid structure, with calibrated nanowire strain sensors, was 

subject to random bending deflections. 
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3.3 Results and discussion 

The 3D macroporous nanoelectronics developed were used to seamlessly merged 

with host materials samples using a solution (or liquid) casting process at or near room-

temperature (Fig. 3-1). As examples, the hybrid nanoelectronic/gel material can be 

prepared by casting the agarose around a rolled-up macroporous nanoelectronic network. 

The hybrid nanoelectronic/PDMS can be prepared by using a freestanding 2D 

macroporous nanoelectronic network. The macroporous nanoelectronic network was 

suspended in water, and placed on a thin (200 – 500 µm) piece of cured silicone 

elastomer sheet. The hybrid macroporous nanowire network/silicon elastomer was rolled 

into a cylinder, infiltrated with uncured silicone elastomer under vacuum, and cured at 70 

°C. Through those methods, the macroporous nanoelectronics can be integrated into the 

soft materials with nanoelectronic unit distributed and patterned in 3D inner space of the 

hybrid materials. 

 

Figure 3-1 Strategy for integration of 3D macroporous nanoelectronics with host 

materials. a, Free-standing 2D macroporous nanowire nanoelectronic “precursor”. Blue: 

nanoelectronic element, orange: passivation polymer, black: metal contact and 

input/output (I/O). b, 3D macroporous nanoelectronic networks integrated with host 

materials (Gray).  
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The semiconductor nanowire elements can display multiple sensory 

functionalities, including photon
9
, chemical, biochemical, and potentiometric

10-11
 as well 

as strain 
12-13

 detection, which make them particularly attractive for preparing hybrid 

active materials as described below. We have first characterized photoconductivity 

changes (i.e., photon detection) of nanowire elements while imaging the nanoelectronic 

networks with a confocal microscope by recording conductance as a function of x-y-z 

coordinates and overlapping with simultaneously acquired fluorescence images (see 

Experimental Section; Figs. 3-2 and 3-3).  As the focused laser is scanned across a 

sample (Fig. 3-2a, I) an increase of conductance due to the photocurrent
14

 in nanowire is 

recorded at the positions of the nanowire devices.  The resolution of this approach can be 

assessed in two ways. Conventionally, the plot of conductance versus position (Fig. 3-2a, 

II) can be fit with a Gaussian function and its full-width at half-maximum (FWHM) 

reflects the diffraction limited resolution of the illuminating light spot. Second and 

recognizing that the nanowire diameter (30 nm) is line-like; we can use methods similar 

to super-resolution imaging technologies
15-16

 to locate the nanowire to much higher 

precision by identifying the peak position from the Gaussian fit. We note that a similar 

concept as exploited in stochastic super-resolution imaging to resolve close points can be 

implemented in our photoconductivity maps because individual devices can be turned on 

and off as needed
15

. 
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Figure 3-2 3D macroporous photodetectors and device localization. a, Schematics of 

the single 3D macroporous nanowire photodetector characterization. The green ellipse: 

laser spot, blue cylinder: nanowire and orange: SU-8 mesh network. The illumination of 

the laser spot generated from confocal microscope on the nanowire device (I) makes the 

conductance change of nanowire, which could be (II) correlated with laser spot position. 

Green spots in (II) correlate to the laser spot positions in (I). b, High-resolution (1 nm per 

pixel) photocurrent image (I) from single nanowire device (2 µm channel length) on 

substrate recorded with focused laser spot scanned in x-y plane. The black dash lines 

indicate the boundary of metal contact in the device.(II) 20 times photocurrent 

measurements from the central region (red dash box) of the nanowire device with high 

resolution (the distance for each trace in x-direction is 1 nm). c, 3D reconstructed 

photocurrent imaging overlapped with confocal microscopy imaging shows the spatial 

correlation between nanowire photodetectors with SU-8 framework in 3D. Green: false 

color of the photocurrent signal, orange (rhodamine 6G): SU-8 mesh network. 

Dimensions in (I), x: 317 μm; y: 317 μm; z: 53 μm; in (II), x: 127 μm; y: 127 μm; z: 65 

μm. The white numbers in (II) indicate the heights of the nanowire photodetectors.  



45 

 

 

A typical high-resolution photoconductivity image of a single nanowire device 

(Fig. 3-2b, I) shows clearly the position of the nanowire. The conductance change versus 

x-position is perpendicular to the nanowire axis (Figs. 3-2b, II and 3-3b) yielded a 

FWHM is 314 ± 32 nm (n = 20) resolution consistent with confocal microscopy imaging 

resolution (202 nm) in this experiment. Moreover, the nanowire position determined from 

the peaks of Gaussian fits (Fig. 3-3c) yielded a standard deviation of 14 nm (n = 20), and 

shows that the position of devices can be localized with a precision better than the 

diffraction limit. In addition, we have acquired simultaneous photoconductivity and 

fluorescence confocal microscopy images to map the positions of nanowire devices in 3D 

macroporous nanoelectronic networks. Reconstructed 3D images (Fig. 3-3c) show that 

the 12 active nanowire devices can be readily mapped with respect to x-y-z coordinated 

in the ‘rolled-up’ macroporous nanoelectronic network structure.  Given the complexity 

possible in 3D nanoelectric/host hybrid materials, this approach provides straightforward 

methodology for determining at high-resolution the positions of the active nanoelectronic 

sensory elements with respect to structures within the host. In the future, we also note 

that the resolution could be even further improved by incorporating point-like transistor 

photoconductivity detectors
10, 17

, p-n photodiodes
18

 and p-i-n avalanche photodiodes
19

 

nanowire building blocks within the 3D macroporous nanoelectronic network. 
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Figure 3-3 Localization of 3D macroporous nanoelectronic devices. 3D macroporous 

nanoelectronic FET devices exhibit photoconductivity
20

 that was used to determine 

spatial positions using a confocal microscope equipped with an analog signal input box. 

a, Schematic of photocurrent detection and correlation with confocal microscopy laser 

spot scanning position. A 405 nm laser wavelength, 100X water immersion lens, and 0.1 

mV source/drain device bias-voltage were used in the experiments. b, High-resolution (1 

nm per pixel) photocurrent image (I) from a single nanowire device (2 µm channel length 

between upper/lower metal contacts) recorded scanning in x-y plane. The red dash line 

indicates the direction perpendicular to the nanowire axis. The black dash lines indicate 

the boundaries of metal contacts. (II) Photocurrent measured along the red dash line in 

(I). Experimental data are fit with a Gaussian distribution (red solid curve). c, 

Distribution of the center point positions determined from the 20 independent scans in 

region of indicated in Figure 3-2b and about the single scan line shown in (b, I).  
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Second, we have used macroporous nanowire nanoelectronic networks to map pH 

changes in 3D through agarose gel using a macroporous nanoelectronic/gel hybrid, and 

for comparison, in aqueous solution using a free-standing 3D nanoelectronic sensory 

network.  The hybrid nanoelectronic/gel material was prepared by casting the agarose 

around a rolled-up macroporous nanoelectronic network, where the gel and SU-8 mesh of 

the nanoelectronic network were doped with 4',6-diamidino-2-phenylindole (DAPI) and 

Rodamine 6G, respectively (see Experimetal Section). A reconstructed 3D confocal 

microscopy image of the hybrid material (Fig. 3-4a) shows clearly the 3D device mesh 

fully embedded within an agarose gel block without phase separation. To carry out 

sensing experiments either the 3D nanoelectronic/gel hybrid material or a 3D 

nanoelectronic mesh was contained within a microfluidic chamber (Fig. 3-4b). Positions 

of nanowire transistor devices, which can function as very sensitive chemical/biological 

detectors
10, 11, 21

, were determined by the photocurrent mapping method described above. 

For both 3D nanoelectronic mesh and nanoelectronic/gel hybrid we recorded signals 

simultaneously from 4 devices chosen to span positions from upper to lower boundary of 

mesh or gel, where representative z-coordinates of the devices positions within the hybrid 

sample are highlighted in Figure 3-4c; a similar z-range of devices for the free 

nanoelectronic mesh was also used.  

Representative data recorded from p-type nanowire FET devices in 3D mesh 

network without gel (Fig. 3-4d, I) and in the hybrid 3D nanoelectronic mesh/agarose gel 

hybrid (Fig. 3-4d, II) highlight several important points. First, the device within the 3D 

macroporous network without gel showed fast stepwise conductance changes (<1 s) with 

solution pH changes. The typical sensitivity of these devices was ca. 40 mV/ pH, and is 
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consistent with values reported for similar nanowire devices
22

. Second, the device within 

the 3D nanoelectronic mesh/gel hybrid exhibited substantially slower transition times 

with corresponding changes of the solution pH; that is, signal change required on order of 

2000 s to reach steady-state, and thus was 1000-fold slower than in free solution. Third, 

the device within the 3D nanoelectronic mesh/gel hybrid exhibited lower pH sensitivity 

in terms of mV/pH; that is, 20 - 40 mV/pH for device in gel compared to 40 - 50 mV/pH 

for device in free solution.  
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Figure 3-4 3D macroporous chemical sensors. a, x-z views of 3D reconstructed image 

of the 3D macroporous nanoelectronic network in gel. Red (rhodamine 6G):  SU-8 mesh 

network and blue (DAPI):  agrose gel. Dimensions: x = 317 μm; y = 317 μm; and z = 144 

μm. b, Schematics of the experimental set-up. c, The projection of four nanowire devices 

in the y-z plane. Red dashed line corresponds to the approximate gel boundary, and the 

red and blue areas correspond to aqueous solution and agrose gel, respectively. d, 

Representative change in calibrated voltage over time with pH change for 3D 

macroporous nanowire chemical sensors in solution (I) and embedded in agrose gel (II). 

e, Calibrated voltage with one pH value change in solution for 4 different devices located 

in 3D space. (I) 4 devices without gel and (II) 4 devices embedded in agrose gel.  
 

Direct comparison of the temporal responses of four devices at different 3D 

positions in the two types of samples (Fig. 3-4e) provides additional insight into the pH 
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changes. The time to achieve one-half pH unit change for the four different devices in 3D 

macroporous network without gel (Fig. 3-4e, I) is ca. 0.5 s and the difference between 

devices is only ca. 0.01 s. We note that the time delay in the data recorded from device d4 

is consistent with the down-stream position of this device within the fluidic channel. In 

contrast, the time to achieve one-half for the four devices in the 3D nanoelectronic 

mesh/gel hybrid (Fig. 3-4e, II) range from ca. 280 to 890 s for devices d1 to d4, 

respectively, where devices positions are shown in Fig. 4C. The results show that the 

device response time within the agarose is ca. 500 – 1700 times slower than in solution 

and is proportional to the distance from the solution/gel boundary, although the detailed 

variation suggests heterogeneity in the diffusion within the agarose gel. Significantly, the 

ability to map the diffusion of molecular and biomolecular species in 3D hybrid systems 

using the macroporous nanoelectronic sensory networks offers opportunities for self-

monitoring of gel, polymers and tissue systems relevant to many areas of science and 

technology
23, 24

.  
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Figure 3-5 3D macroporous strain sensors embedded in elastomer. a, µ-CT 3D 

reconstruction of the macroporous strain sensor array embedded in a piece of elastomer. 

Pseudo-colors are applied: orange: metal, purple: elastomer. b, Dark field microscopy 

image of a typical nanowire device indicated by red dash circle in (a). All the functional 

nanowires are intentionally aligned parallel to the axial axis of the elastomer cylinder. 

The white arrow points a nanowire. c, A bending strain field was applied to the elastomer 

piece. The 3D strain field was mapped by the nanowire strain sensors using the 

sensitivity calibration of the nanowire devices. The detected strains are labeled in the 

cylinder image at the device positions. 
  

Third, we have used embedded 3D macroporous nanoelectronic networks to map 

strain distributions in elastomeric silicone host materials. Previous studies have shown 

that Si nanowires have a high piezoresistance response
12

, making them good candidates 

for strain sensors
13

. To explore the potential of Si nanowire device arrays to map strain 

within materials, we have prepared and characterized 3D macroporous nanoelectronic 

network/elastomer hybrid materials (see Experimental Section). The resulting hybrid 
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macroporous nanoelectronic network/elastomer cylinders had volumes of ca. 300 mm
3
 

with volume ratio of device/elastomer of < 0.1%.  X-ray micro-computed tomography 

(µCT) studies of the nanoelectronic network/elastomer cylinders (Fig. 3-5a) were used to 

determine the 3D metal interconnects and locations of nanowire devices within the 

cylindrical hybrid structures (see Materials Experimental Section). The alignment of 

nanowire elements along the cylinder axis was confirmed by dark-field optical 

microscopy images (Fig. 3-5b), which show the nanowires lying along the cylinder (z) 

axis.  

 

Figure 3-6 Calibration of the 3D macroporous nanoelectronic strain sensors. a, 

Conductance change versus time as a 10% tensile strain was applied to hybrid 3D 

macroporous nanoelectronic networks/PDMS cylindrical sample. The downward and 
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(Continued) upward pointing arrows denote the times when the strain was applied and 

released, respectively. The direction of strain on the cylindrical hybrid sample and 

projected position of the macroporous nanoelectronic networks are indicated in the right 

optical micrograph. The conductance changes of 11 measured nanowire devices (labeled 

arbitrarily in terms of increasing sensitivity) were recorded and used for the conductance 

change per strain calibration. b, Strain sensitivity calibration of the nanowire devices is 

plotted in 3D. The data points are color coded by the sensitivity of the devices (a).  

 

The good axial alignment of the nanowire devices was exploited to calibrate the 

strain sensitivity of each of elements with the 3D hybrid structure allows straightforward 

calibration of the device sensitivity in pure tensile strain field. Application of a 10% 

tensile strain along the cylinder axis (Fig. 3-6a) yielded decreases in conductance up to 

200 nS for the individual devices, d1 – d11. Because the conductance immediately 

returned to baseline when strain was released and under compressive loads the 

conductance change had the opposite sign, we can conclude that these changes do reflect 

strain transferred to the nanowire sensors. From the specific response of the devices 

within the hybrid structure we calculate and assign a calibrated conductance change/1% 

strain value for each of the eleven sensor elements (Fig. 3-6b), and use this for analysis 

of different applied strains.  For example, we applied a bending strain to the cylinder and 

from the recorded conductance changes and calibration values were able to map readily 

the 3D strain field as shown in Figure 3-5c. We note that the one-dimensional geometry 

of nanowires gives these strain sensors nearly perfect directional selectivity, and thus, by 

developing macroporous nanoelectronic network with nanowires device aligned parallel 

and perpendicular to the cylinder axis enable mapping all three components of the strain 

field in the future. 
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3.4 Conclusion 

The macroporous nanoelectronic networks were merged with organic gels and 

polymers to form hybrid materials in which the basic physical and chemical properties of 

the host were not substantially altered, and electrical measurements further show > 90% 

yield of active devices in the hybrid materials. We further demonstrated a new approach 

to determine the positions of the nanowire devices within 3D hybrid materials with ca. 14 

nm resolution that involves simultaneous nanowire device photocurrent/confocal 

microscopy imaging measurements. This method also could have substantial impact on 

localizing device positions in macroporous nanoelectronic/biological samples, where it 

provides the capability of determining positions of sensory devices at the subcellular 

level. In addition, we explored functional properties of these hybrid materials. First, we 

showed that it was possible to map time-dependent pH changes throughout a nanowire 

network/agarose gel sample during external solution pH changes. These results suggest 

substantial promise of the 3D macroporous nanoelectronic networks for real-time 

mapping of diffusion of chemical and biological species through polymeric samples as 

well as biological materials such as synthetic tissue
24-25

. Second we demonstrated that Si 

nanowire elements can function as well-defined strain sensors, and thereby characterize 

the strain field in a hybrid nanoelectronic elastomer structures subject to uniaxial and 

bending forces. More generally, we believe our approach to fabrication of multi-

functional 3D electronics and integration with host materials suggests substantial promise 

for (1) general fabrication of truly 3D integrated circuits based on conventional 

fabrication processes via assembly from a 2D "precursor", (2) seamless 3D incorporation 

of multi-functional nanoelectronics into living and nonliving systems leading to make 

"very smart” material systems and a completely new level of "cyborg" tissues. 
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Chapter 4. Three-dimensional macroporous 

nanoelectronics scaffold for synthetic tissue 

4.1 Introduction 

The design and functionalization of porous materials has been actively pursued to 

enable new material properties and applications
1-3

. In particular, the development of 

synthetic 3D macroporous biomaterials as extracellular matrices (ECMs) represents a key 

area because (1) functionalized 3D biomaterials allow for studies of cell/tissue 

development in the presence of spatiotemporal biochemical stimulants
3-6

, and (2) the 

understanding of pharmacological response of cells within synthetic tissues is expected to 

provide a more robust link to in-vivo disease treatment than that from 2D cell cultures
6-8

. 

Advancing further such biomaterials requires capabilities for monitoring cells throughout 

the 3D microenvironment
6
. While electrical sensors are attractive tools, it has not been 

possible to integrate such elements with porous 3D scaffolds for localized real-time 

monitoring of cellular activities and physicochemical change, although such capability 

could lead to new lab-on-a-chip pharmacological platforms
9,10 

and hybrid 3D electronics-

tissue materials for synthetic biology
11,12

. 

Recently, there have been several reports describing the coupling of electronics 

and tissues using flexible and/or stretchable planar devices
13-17

 that conform to natural 

tissue surfaces. These planar devices have been used to probe electrical activities near 

surfaces of the heart
13-15

, brain
16

 and skin
17

. To date, seamless 3D integration of 

electronics with biomaterials and synthetic tissues has not been achieved. Key points that 
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must be addressed to achieve this goal include: (1) the electronic structures must be 

macroporous, not planar, to enable 3D interpenetration with biomaterials; (2) the 

electronic network should have nanometer to micrometer scale features comparable to 

biomaterial scaffolds; and (3) the electronic network must have 3D interconnectivity and 

mechanical properties similar to biomaterials.   

Here we introduce a conceptually new approach that meets this challenge by 

integrating nanoelectronics throughout biomaterials and synthetic tissues in 3D using 

macroporous nanoelectronic scaffolds as we introduced in Chapter 2. We use silicon 

nanowire field effect transistor (FET)-based nanoelectronic biomaterials, given their 

capability for recording both extracellular and intracellular signals with subcellular 

resolution
18-21

. FET detectors respond to variations in potential at the surface of the 

transistor channel region, and they are typically called active detectors
21

. Metal-

electrode
22, 23

 or carbon nanotube/nanofiber
24, 25 

based passive detectors are not 

considered in our work because impedance limitations (i.e., signal/noise and temporal 

resolution degrade as the area of the metal or carbon electrodes is decreased) make it 

difficult to reduce the size of individual electrodes to the subcellular level
21-23

, a size 

regime necessary to achieve noninvasive 3D interface of electronics with cells in tissue.  

Our approach (Fig. 4-1) involved stepwise incorporation of biomimetic and 

biological elements into nanoelectronic networks across nanometer to centimeter size 

scales. First, chemically synthesized kinked
18

 or uniform silicon nanowires were 

deposited either randomly or in regular patterns for single nanowire FETs -- the 

nanoelectronic sensor elements of the hybrid biomaterials (Step A, Fig. 4-1). Second, 

individual nanowire FET devices were lithographically patterned and integrated into free-
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standing macroporous scaffolds (Step B, Fig. 4-1), the nanoES. The nanoES were 

designed to mimic ECM structures, and specifically, to be 3D, to have nanometer to 

micrometer features with high (>99 %) porosity, and to be highly flexible and 

biocompatible. NanoES were then combined with synthetic or natural macroporous 

ECMs providing (1) ECMs with electrical sensory function and (2) nanoES with 

biochemical environments suitable for tissue culture. Finally, cells were cultured within 

the nanoES (Step C, Fig. 4-1) to yield 3D hybrid nanoelectronics-tissue constructs.  The 

emphasis on a nanoscale and biomimetic bottom-up pathway allows minimally invasive 

integration of electronic devices with cells and ECM components at the subcellular level 

in 3D. The nanoES are distinct from conventional 2D multi-electrode arrays (MEA) 
23

, 

carbon nanotube/nanofiber arrays
24, 25

, implantable microelectrodes
23

 and flexible or 

stretchable electrodes
13-17 

in that the sensors are nanoscale semiconductors, and critically, 

that the sensor network is flexible, macroporous and 3D.  As a result, nanoES are suitable 

for 3D cell cultures that are known to resemble the structure, function, or physiology of 

living tissues. 
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Figure 4-1 Integrating nanoelectronics with cells and tissue. Conventional bulk 

electronics are distinct from biological systems in composition, structural hierarchy, 

mechanics and function. Their electrical coupling at the tissue/organ level is usually 

limited to the tissue surface, where only boundary or global information can be gleaned 

unless invasive approaches are used. We have introduced a new concept by creating an 

integrated system from the discrete electronic and biological building blocks (e.g., 

semiconductor nanowires, molecular precursors of polymers and single cells). Three 

biomimetic and bottom-up steps have been designed: a, patterning, metallization and 

epoxy passivation for single nanowire FETs. b, forming 3D nanowire FET matrices 

(nanoelectric scaffolds) by self- or manual organization and hybridization with traditional 

extracellular matrices, and c, incorporation of cells and growth of synthetic tissue via 

biological processes. Yellow dots: nanowire components, blue ribbons: metal and epoxy 

interconnects, green ribbons: traditional extracellular matrices, pink: cells.  

4.2 Experimental 

4.2.1 Device fabrication and characterization 

Nanowire synthesis and device fabrication are referred to Chapter 2. In brief, a 

layer of negative resist (SU-8) was coated on a nickel sacrificial layer, a solution with 

kinked or straight nanowires was deposited onto the SU-8 layer and allowed to evaporate, 

and then SU-8 was patterned by lithography to immobilize nanowires and to provide the 

basic framework for nanoES. Extra nanowires were washed away during the 
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development process of the SU-8 structure. Metal contacts were patterned by lithography 

and deposition. Finally, a layer of SU-8 was deposited and lithographically defined as the 

upper passivation layer on the interconnects. 

4.2.2 NanoES/tissue scaffold 

4.2.2.1 NanoES/collagen (Matrigel
TM

) hybrid matrix  

Prior to gel casting, collagen type-I (Sigma-Aldrich Corp., St. Louis, MO) was diluted 

(1:2 ~ 1:5) with culture media or phosphate buffered saline solution (PBS) and the pH 

was adjusted to ~ 7.4. Matrigel
TM

 (BD Bioscience, Bedford, MA) was used as received or 

diluted (1:2 ~ 1:5). Briefly, 50 ~ 2000 μL collagen or Matrigel
TM

 solution was placed 

using a pipette (Eppendorf Research plus) onto the edge of (reticular nanoES) or directly 

above (mesh nanoES) the nanoES scaffolds, and at ~ 4 ºC. The solutions were allowed to 

form gels around nanoES under 37 ºC, 5 % CO2 condition for at least 20 min. For 

visualization of collagen fibers, fluorescein isothiocyanate labelled collagen type-I 

(Sigma-Aldrich Corp., St. Louis, MO) was used.  

 

4.2.2.2 NanoES/alginate hybrid scaffold  

The 3D nanoES/alginate scaffolds were prepared from pharmaceutical-grade alginate, 

Protanal LF5/60 (FMC Biopolymers), which has a high guluronic acid (G) content 

(65%). Briefly, (1) preparation of sodium alginate stock solutions at concentrations of 1% 

(w/v); (2) partially crosslinking the alginate solution by adding calcium gluconate; (3) 

drop casting partially crosslinked alginate onto loosely folded mesh nanoES, followed by 

additional shaping and placement of nanoES inside the alginate gel with a glass rod; (4) 
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freezing the nanoES/alginate gel in a homogeneous, cold (–20 ºC) environment; and (5) 

lyophilization to produce a sponge like scaffold (5~15 mm × 2~10 mm, d × h). 

4.2.2.3 NanoES/PLGA hybrid scaffold  

Poly(lactic-co-glycolic acid) (PLGA) electrospun fibers were used as a secondary 

scaffold in several experiments. The PLGA fibers were prepared based on reported 

procedures
26

 as follows. PLGA (90/10 glycolide/L-lactide, inherent viscosity 1.71 dL/g in 

HFIP at 25ºC, Purac Biomaterials Inc.) was dissolved in 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP, Sigma-Aldrich Corp., St. Louis, MO) at a 10 wt% concentration until a 

clear and homogenous solution was obtained. A syringe pump (Harvard Apparatus, 

Holliston, MA) was used to deliver the polymer solution through a stainless steel 

capillary at a rate of 3 mL/hr. A high voltage power supply (Gamma High Voltage 

Research, Ormond Beach, FL) was used to apply a 25 kV potential between the capillary 

tip and a grounded stainless steel plate 50 cm away. Fibers were collected for 2-5 minutes 

before being put aside at room temperature for 72 hours to allow residual solvent 

evaporate. To prepare hybrid scaffolds, a sheet of PLGA fibers with diameters of ~ 1-3 

µm was deposited on both sides of the mesh nanoES. The hybrid scaffold can be folded 

to increase thickness. 

4.2.3 Scaffold mechanical properties 

4.2.3.1 Bending stiffness calculations  

The effective bending stiffness per unit width of the mesh scaffold, D , can be 

estimated by
17

 

mmss DDD                                                            (1) 
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where αs and αm are the area fraction of the single-layer polymer (SU-8) ribbon (without 

metal layer and top polymer passivation layer) and three-layer ribbon (bottom polymer 

layer, metal layer and top passivation layer) in the whole mesh structure. Ds=Esh
3
/12 is 

the bending stiffness per unit width of the single-layer polymer, where Es=2 GPa and h 

are the modulus and thickness of the SU-8. Dm is the bending stiffness per unit width of a 

three-layer structure, which can be calculated by
27
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where Em=121 GPa and hm are the modulus and thickness of the palladium, b is the width 

of the single-layer ribbon and the total width of the three-layer ribbon, bm is the width of 

the palladium layer. In addition, the chromium layers are so thin (1.5 nm) that their 

contribution to the bending stiffness is negligible. When hm=75 nm, h=0.5 µm, b=10 µm, 

bm=5 µm, αs=2.51% and αm=3.57%, we can calculate D =0.006 nN·m. When hm=75 nm, 

h=2 µm, b=40 µm, bm=20 µm, αs=10.06% and αm=13.31%, we can calculate D =1.312 

nN·m. 

To calculate the strain in tubular constructs, we used the equation ε=y/R, where y 

is the distance from the neutral plane, and R is the radius of curvature
27

. For the 

symmetric mesh scaffold, since the neutral plane is the middle plane, the maximum 

strains of metal and SU-8 appear at y=hm/2 and y=hm/2+h, respectively. When hm=75 

nm, h=2 µm, R=0.75 µm
-1

, the maximum strains of metal and SU-8 are 0.005% and 

0.272%, respectively.  
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4.2.3.2 Scaffold structural simulation  

The self-organization of the mesh structure due to residual stress was simulated 

by the commercial finite element software ABAQUS. Both the SU-8 ribbons and the SU-

8 / metal ribbons were modeled as beam elements. The cross-sectional property of the 

SU-8 / metal ribbons was defined by the appropriate meshed beam cross-section, while 

the cross-sectional property of the SU-8 ribbons was set by defining the relevant 

rectangular profile. The equivalent bending moment on SU-8/metal ribbons was 

calculated using the residual stress measured by MET-1 FLX-2320-S thin film stress 

measurement system, which were 1.35 and 0.12 GPa for Cr (50 nm) and Pd (75 nm), 

respectively. 

4.2.4 Cell culture 

4.2.4.1 Neuron culture  

Device chips were cleaned by oxygen plasma (50 sccm of O2, 50 w, 0.5 Torr, 1 

min), and fixed onto a temperature controlled chamber (Warner Instruments, Hamden, 

CT) with double-sided tape (Fig. 4-2a). A 1 mm thick polydimethylsiloxane (PDMS) 

membrane (Sylgard 184, Dow Corning, Inc., Midland, MI) with 0.25 cm
2
 open area in 

the center was cut, autoclaved and placed over the device area, followed by wire-bonding 

of individual devices (Fig. 4-2b). An autoclaved glass ring (ALA Scientific Instruments, 

Farmingdale, NY) was placed over this PDMS chamber and fixed with Kwik-Sil (World 

Precision Instruments, Inc., Sarasota, FL) silicone elastomer (Fig. 4-2c). The whole chip 

was sterilized by UV illumination and 75% ethanol soak (20 min each). An aqueous 

polylysine solution (0.5-1.0 mg/mL, MW 70,000 – 150,000, Sigma-Aldrich) was then 

introduced into the chamber and incubated overnight at 37 ºC, the polylysine solution 
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was removed, and the chamber rinsed 3 times each with 1X phosphate buffered saline 

(PBS) solution and NeuroPure Plating Medium (Genlantis, San Diego, CA). Finally, the 

chamber was filled with NeuroPure Plating Medium or culture medium and conditioned 

in the incubator for 1 day. Hippocampal neurons (Gelantis, CA) were prepared using a 

standard protocol
28

. In brief, 5 mg of NeuroPapain Enzyme (Gelantis, CA) was added to 

1.5 ml of NeuroPrep Medium (Gelantis, San Diego, CA). The solution was kept at 37 ºC 

for 15 min, and sterilized with a 0.2-μm syringe filter (Pall Corporation, MI). Day 18 

embryonic Sprague/Dawley rat hippocampal tissue with shipping medium (E18 Primary 

Rat Hippocampal Cells, Gelantis, San Diego, CA) was spun down at 200 g for 1 min. The 

shipping medium was exchanged for NeuroPapain Enzyme medium. A tube containing 

tissue and the digestion medium was kept at 30 ºC for 30 min and manually swirled every 

2 min, the cells were spun down at 200 g for 1 min, the NeuroPapain medium was 

removed, and 1 mL of shipping medium was added. After trituration, cells were isolated 

by centrifugation at 200 g for 1 min, then re-suspended in 5-10 mg/mL Matrigel
TM

 (BD 

Bioscience, Bedford, MA) at 4 ºC. The cell/Matrigel
TM

 mixture was plated on the 

reticular nanoES in the opening in the PDMS membrane at a density of 2 – 4 million cells 

/mL and a total gel thickness of ~ 0.5-1 mm. The Matrigel
TM

 matrix was allowed to gel at 

37 ºC for 20 min, then 1.5 ml of NeuroPure Plating Medium was added, and the entire 

assembly was placed in the incubator. After 1 day, the plating medium was changed to 

Neurobasal
TM

 medium (Invitrogen, Grand Island, NY) supplemented with B27 (B27 

Serum-Free Supplement, Invitrogen, Grand Island, NY), Glutamax
TM

 (Invitrogen, Grand 

Island, NY) and 0.1% Gentamicin reagent solution (Invitrogen, Grand Island, NY)
29

. 3D 

neuron cultures were maintained at 37 °C with 5% CO2 for 7-21 days, with medium 
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changed every 4-6 days. For cultures lasting longer than 7 days, gas-permeable/water-

impermeable membrane covers (ALA MEA-MEM-PL, ALA Scientific Instruments, 

Farmingdale, NY) were used to avoid evaporation while allowing for diffusion of gases 

(Fig. 4-2d). 

 

Figure 4-2 Chip assembly for neuronal 3D cultures. a, A nanowire FET device chip  

containing a reticular nanoES was cleaned by O2 plasma, and assembled onto a 

temperature controlled chip carrier. b, A shallow PDMS chamber (dashed box) was 

cleaned and placed over the wire-bonded devices. c, A glass ring was fixed over the 

PDMS chamber with silicone elastomer. d, A gas-permeable, water-impermeable 

membrane cover was used for neuron cultures lasting longer than 7 days.   

 

4.2.4.2 Cardiomyocyte culture  

Hybrid scaffolds (Fig. 4-3b) consisting of the mesh nanoES (Fig. 4-3a and Fig. 4-

3g) sandwiched between two electrospun PLGA fiber layers (1-3 µm diameter; 10-20 µm 

thick for individual layer) were used in all experiments. The bottom PLGA layer was 
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made either by inserting an existing layer underneath the mesh-like scaffold or by 

directly electrospinning on the nanoES. The top PLGA layer was made by direct 

electrospinning on the nanoES. The device chip was wire-bonded (Fig. 4-3c and Fig. 4-

3h), and assembled with a modified polystyrene petri-dish (VWR Inc.) using Kwik-Sil 

(World Precision Instruments, Inc.) silicone elastomer glue (Fig. 4-3d). The device 

chamber was cleaned by oxygen plasma (50 sccm of O2, 50 w, 0.5 Torr, 1 min), followed 

by sterilization with UV-light illumination for 1 h and soaking in 70 % ethanol solution 

for 0.5 h. The hybrid scaffolds were coated with fibronectin/gelatin solution overnight 

prior to cell seeding. The fibronectin/gelatin solution was prepared by adding 0.1 g 

Bacto-Gelatin (Fisher Scientific, DF0143-17-9) to 500 mL distilled water in a glass bottle 

and autoclaving. The gelatin dissolved during the autoclaving step to yield a final 

concentration of gelatin of 0.02 %. One ml Fibronectin (Sigma, F-1141) was diluted in 

199 mL of 0.02 % gelatin. Cardiac cells were isolated from intact ventricles of 1 to 3-

day-old neonatal Sprague/Dawley rats using 3–4 cycles (30 min each) of enzyme 

digestion using collagenase type II and pancreatin as described elsewhere
30

. The cells 

were suspended in culture medium, composed of Medium-199 (Invitrogen, Grand Island, 

NY) supplemented with 0.6 mM CuSO4·5H2O, 0.5 mM ZnSO4·7H2O, 1.5 mM vitamin 

B12, 500 U/mL penicillin, 100 mg/mL streptomycin and 5 vol.% fetal calf serum 

(FCS)
30

. The cardiac cells were finally seeded with 5-10 mg/mL Matrigel
TM

 onto 

fibronectin/gelatin coated PLGA/mesh nanoES at an initial cell density of 3-6×10
7
 cm

-2
 

(Fig. 4-3e). After 1-2 days, the cell-seeded nanoES was manually folded into a construct, 

and was maintained at 37 °C with 5% CO2 for an additional 3-8 days (Fig. 4-3f), with 

medium changes every 2-3 days. All animal procedures conformed to US National 
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Institutes of Health guidelines and were approved by Harvard University's Animal Care 

and Use Committee. 

 

Figure 4-3 Schematic of cardiomyocyte 3D culture. a, A free-standing mesh-like 

nanoES. b, Hybrid of PLGA electrospun fibers and mesh-like nanoES. c, Individual 

devices were wire-bonded to PCB connecters. d, A modified petri-dish was fixed over 

the scaffold with silicone elastomer. e, The hybrid scaffold was sterilized by UV-light 

illumination for 1 h and soaking in 70 % ethanol solution for 0.5 h, coated with 

fibronectin/gelatin solution overnight and seeded with cardiomyocytes/MatrigelTM. f, 

After 1-2 days in culture, the cardiac sheet (e) was folded and cultivated for an additional 

3-10 days. g, A mesh device showing the free-standing part (the right half) and the fixed 

part on the wafer (the left half). The arrow marks the outer-electrode pins for wire-

bonding. h, Printed circuit board (PCB) with wire-bonding wires. The wires connected 

the PCB copper pads (left) and the rectangular electrodes on the supported end of the 

mesh-like nanoES (right). White dots highlight bonding points. Arrows highlight one 

wire-bonded aluminum wire.   

 

4.2.4.3 Vascular construct  

Synthetic vascular constructs were produced in a manner similar to the sheet-

based tissue engineering approach described previously
31

 (Fig. 4-4). First, the mesh 
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nanoES were coated with gelatin/fibronectin solution overnight (Figs. 4-4a-c). Second, 

human aortic smooth muscle cells (HASMC, Invitrogen, Grand Island, NY) were seeded 

at a density of 1×10
4
 cm

-2
 on the gelatin/fibronectin-coated devices and cultured in 

Medium 231 (Invitrogen, Grand Island, NY) supplemented with smooth muscle growth 

supplement (SMGS, Invitrogen) (Fig. 4-4d). Sodium L-ascorbate (50 µg/mL, Sigma) was 

added to the culture medium to stimulate extracellular matrix (ECM) synthesis
31

. 

HASMCs were maintained at 37 ºC with 5% CO2 until their secreted ECM proteins 

formed an cohesive tissue sheet (7-14 days)
31

 that can be easily peeled off from the 

silicon substrate. The cell-coated mesh nanoES was then gently lifted from the SiO2 

substrate using fine forceps, rolled onto a polystyrene or glass tubular support 1.5 mm in 

diameter, then maintained in culture Medium 231 supplemented with SMGS and 50 

µg·mL
-1

 sodium L-ascorbate for at least another 2 weeks for maturation of the vascular 

structure (Fig. 4-4e). 0.5-2 h prior to pH sensing experiments, the temporary tubular 

support was removed, and segments of polystyrene tubing were connected to the open 

ends of the vascular construct (Fig. 4-4f), and a PDMS fluidic chamber with input/output 

tubing and Ag/AgCl was sealed with the silicon substrate and the vascular construct 

using silicone elastomer glue (Kwik-Sil, World Precision Instruments, Inc.) as shown in 

Fig. 4-4h. Fresh medium was delivered to the vascular construct through both inner and 

outer tubing. The pH of the solution delivered through the outer tubing was varied during 

the experiment. 
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Figure 4-4 Schematic of vascular nanoES construct preparation and pH sensing. a, 

A free-standing mesh-like nanoES. b, Individual devices were wire-bonded to PCB 

connecters. c, A modified petri-dish was fixed over the scaffold with silicone elastomer. 

d, The hybrid scaffold was sterilized with UV-light illumination for 1 h and soaking in 70 

% ethanol solution for 0.5 h, coated with fibronectin/gelatin solution overnight and 

seeded with HASMCs. e, After 7-14 days in culture, the HASMC-seeded nanoES (d) was 

rolled against a tubular support and cultivated for at least another 14 days. f, The tubular 

support was removed and tubing was connected to the ends of the lumen of the HASMC 

construct. g, The medium was removed while keeping the construct moist. h, A PDMS 

chamber was assembled around the construct, attached to tubing to bathe the outside of 

the construct and Ag/AgCl electrodes to measure pH in the bathing fluid.  

4.2.5 Immunochemical staining  

Cells were fixed with 4% paraformaldehyde (Electron Microscope Sciences, 

Hatfield, PA) in PBS for 15-30 min, followed by 2-3 washes with ice-cold PBS. Cells 

were pre-blocked and permeabilized (0.2-0.25% Triton X-100 and 10% feral bovine 

serum or 1 % bovine serum albumin (BSA) in PBS) for 1 hour at room temperature. 

Next, the cells were incubated with primary antibodies in 1% BSA in 1X PBS with 0.1% 

(v/v) Tween 20 (PBST) for 1 hr at room temperature or overnight at 4 
o
C. Then cells 

were incubated with the secondary antibodies with fluorophores. For counter-staining of 

cell nuclei, cells were incubated with 0.1-1 μg/mL Hoechst 34580 (Molecular Probes, 

Invitrogen, Grand Island, NY) for 1 min. Specific reagents used for different cell types 
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were as follows. Neurons: Neuronal class III β-Tubulin (TUJ1) mouse monoclonal 

antibody (1:500 dilution, Covance Inc., Princeton, NJ) and AlexaFluor-546 goat anti-

mouse IgG (1:1000, Invitrogen, Grand Island, NY) were used as the primary and 

secondary antibodies, respectively
32

. Cardiomyocytes: Anti-α-actinin mouse monoclonal 

antibody (1:450; Clone EA-53, Sigma-Aldrich Corp., St. Louis, MO) and AlexaFluor-

488 goat anti-mouse (1:200; Molecular Probes, Invitrogen, Grand Island, NY) were used 

as the primary and secondary antibodies, respectively
29

. Hoechst 34580 was used to 

counter-stain cell nuclei. HASMC: Anti-smooth muscle α-actin rabbit polyclonal 

antibody (1:500, Abcam, Cambridge, MA) and AlexaFluor-488 donkey anti-rabbit 

antibody (1:200; Molecular Probes, Invitrogen, Grand Island, NY) were used as the 

primary and secondary antibodies, respectively. Hoechst 34580 was used to counter-stain 

cell nuclei. 

4.2.6 Fluorescent dye labeling of devices and PLGA fibers  

Fluorescence images of the reticular nanoES were obtained by doping the SU-8 

resist solution with rhodamine 6G (Sigma-Aldrich Corp., St. Louis, MO) at a 

concentration less than 1 μg/mL before deposition and patterning. PLGA electrospun 

fiber scaffolds were labeled by physical absorption of rhodamine 6G from an aqueous 

solution (0.1 mg/mL), and then rinsed copiously with water before fluorescence imaging. 

4.2.7 Hematoxylin-eosin and Masson trichrome staining  

The vascular constructs were cut and fixed in formalin solution (10 %, neutral 

buffered, Sigma-Aldrich Corp., St. Louis, MO). The fixed sample was dehydrated in a 

series of graded ethanol baths (70 % ethanol for 1 h, 95 % ethanol for 1 h, absolute 
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ethanol 3x times, 1 h each) and xylenes (2x, 1 h each), and then infiltrated with molten 

paraffin (HistoStar, Thermo Scientific, Kalamazoo, MI) at 58 
o
C for 2 h. The infiltrated 

tissues were embedded into paraffin blocks and cut into 5-6 μm sections. Immediately 

prior to straining, the paraffin was removed from the sections by 2 washes with xylene, 1 

min each. Then the sections were rehydrated by a 5 min wash in absolute ethanol, 2 min 

in 95 % ethanol, 2 min in 70 % ethanol and 5 min in distilled water. Standard 

hematoxylin and eosin staining
33

 was carried out using an automated slide stainer 

(Varistain Gemini ES, Thermo Scientific, Kalamazoo, MI). Collagen secretion by 

HASMCs was assessed on deparaffinized sections using a Masson’s trichrome staining 

kit (Polysciences, Inc., Warrington, PA) according to a standard protocol
34

. 

4.2.8 Optical microscopy and image analysis  

Confocal and epi-fluorescence imaging was carried out using an Olympus 

Fluoview FV1000 confocal laser scanning microscope. Confocal images were acquired 

using 405, 473 and 559 nm wavelength lasers to excite cellular components labeled with 

Hoechst 34580, AlexaFluor-488/Rodamine-6G, and Rodamine-6G/AlexaFluor-546 

fluorescent dyes (Molecular Probes and Sigma-Aldrich Corp.), respectively. A 635 nm 

wavelength laser was used for imaging metal interconnects in reflective mode. Epi-

fluorescence images were acquired using a mercury lamp together with standard DAPI 

(EX:377/50,EM:447/60), GFP (EX:473/31,EM520/35) and TRITC 

(EX:525/40,EM:585/40) filters. ImageJ (ver. 1.45i, Wayne Rasband, National Institutes 

of Health, USA) was used for 3D reconstruction and analysis of the confocal and epi-

fluorescence images. Bright-field optical micrographs of histological samples were 

acquired on an Olympus FSX100 system using FSX-BSW software (ver. 02.02). 
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4.2.9 Micro-computed tomography  

The nanoES in the synthetic vascular construct was imaged using a HMXST 

Micro-CT x-ray imaging system with a standard horizontal imaging axis cabinet (model: 

HMXST225, Nikon Metrology, Inc., Brighton, MI). Prior to imaging, samples were fixed 

and dried. In a typical imaging process, 60-70 kV acceleration voltage and 130-150 µA 

electron beam current was used. No filter was used. VGStudio MAX  (ver. 2.0, Volume 

Graphics GMbh, Germany) was used for 3D reconstruction and analysis of the micro-CT 

images. 

4.2.10 Cell viability assays  

Hippocampal neuron viability was evaluated using a LIVE/DEAD
®

 

Viability/Cytotoxicity Kit (Molecular Probes, Invitrogen, Grand Island, NY). On days 7, 

14 and 21 of the culture, neurons were incubated with 1 M calcein-AM and 2 M 

ethidium homodimer-1 (EthD-1) for 45 min at 37 C to label live and dead cells, 

respectively
29

. Cell viability at each time point was calculated as live/(live + dead) × 100, 

and been normalized to the percentage of live cells on day 0 (liveday=n/liveday=0). Three-

dimensional neuron cultures in Matrigel
TM

 on polylysine modified glass slides (Fisher 

Scientific Inc., Waltham, MA) were used as controls. The cells were imaged with a 

confocal fluorescence microscope (Olympus Fluoview FV1000) and the 3D 

reconstructed images were used for live/dead cell counting. For each group, n = 6.  In 3D 

cardiac cultures, cell viability was evaluated with an assay of a mitochondrial metabolic 

activity, the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega 

Corp., Madison, WI) that uses a tetrazolium compound [3-(4,5-dimethyl-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an 
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electron coupling reagent (phenazine ethosulfate; PES)
35

. On days 2, 4, 6, 8, 10 and 12 of 

the culture, cardiac constructs were incubated with CellTiter 96® AQueous One Solution 

for 120 min at 37 C. The absorbance of the culture medium at 490 nm was immediately 

recorded with a 96-well plate reader. The quantity of formazan product (converted from 

tetrazole) as measured by the absorbance at 490 nm is directly proportional to cell 

metabolic activity in culture. Three-dimensional cardiomyocyte cultures in Matrigel
TM

 on 

gelatin coated electrospun PLGA fibers were used as controls. For each group, n = 6. 

4.2.11 Electrical measurements  

The nanowire FET conductance and transconductance (sensitivity) were measured 

in 1× PBS as described previously
18

.  The slope of a linear fit to conductance versus 

water-gate potential (Vgate) data was used to determine transconductance. For nanowire 

FET stability tests, the reticular NWFET devices were maintained under neuron culture 

conditions (see Neuron culture) for predetermined intervals. Electrical transport 

measurements and recordings from 3D cardiomyocyte-seeded nanoES were obtained in 

Tyrode solution (pH ~ 7.3) with a 100 mV DC source voltage at 25 
o
C or 37 

o
C as 

described previously
18, 20

. The current was amplified with a multi-channel current/voltage 

preamplifier, filtered with a 3 kHz low pass filter (CyberAmp 380), and digitized at a 50 

kHz sampling rate (Axon Digi1440A). In extravascular pH sensing experiments, a single 

polydimethylsiloxane (PDMS) microfluidic chamber was used to deliver two flows of 

phosphate buffer solutions: the pH delivered by the outer input tubing was varied, while 

that of the inner tubing was fixed at 7.4. In the pH-sensing experiments, nanoelectronic 

devices were modulated using a lock-in amplifier with a modulation frequency of 79 and 
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39 Hz, time constant of 30 ms, amplitude of 30 mV, and DC source-drain potential of 

zero. Ag/AgCl reference electrodes were used in all recording and sensing experiments. 

4.3 Results and discussion 

4.3.1 nanoES characterization  

We have designed two nanoES (Fig. 4-5) that are free-standing, flexible and 

contain similar components. Reticular nanoES (Fig. 4-5a) were made by electron beam 

lithography. Self-organization (that is, folding according to the predefined layout of 

bending elements) created a random or regular network of 3D features that mimic the size 

scale and morphology of submicron ECM features, such as the fibrous meshwork of brain 

ECM
36

. Open mesh nanoES (Fig. 4-5b) were made by photolithography with a regular 

structure, similar to the ECM of the ventricular myocardium
37, 38

. 3D scaffolds were then 

realized in a straightforward manner by directed mesh manipulation. The planar design 

and initial fabrication of these 3D nanoES use existing capabilities developed for 

conventional planar nanoeletronics, and could enable integration of additional device 

components (for example, memories and logic gates)
39,40

 and substantial increases in 

device number and overall scaffold size.  

 

Figure 4-5 Macroporous and flexible nanowire nanoES. a, Device fabrication 

schematics. I: Reticular nanowire FET devices. II: mesh nanowire FET devices. Light 

blue: silicon oxide substrates, blue: nickel sacrificial layers, green: nanoES, yellow dots: 

individual nanowire FETs.  
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The 2D structure of the reticular scaffold was designed so that metal interconnects 

were stressed
18, 41

. Removal of the sacrificial layer prompted self-organization into 3D. 

Reconstructed 3D confocal fluorescence images of typical reticular scaffolds viewed 

along y- and x- axes (Fig. 4-6a, I and II respectively) showed that the framework was 3D 

with a highly curvilinear and interconnected structure. The porosity (calculated from the 

initial planar device design and the final 3D construct volume) was > 99.8 %, comparable 

to that of hydrogel biomaterials
6-8

. Scanning electron microscopy (SEM) of the reticular 

nanoES (Fig. 4-6b) revealed kinked nanowires (ca. 80 nm diameter), and metallic 

interconnects (ca. 0.7 µm width) contained within the SU-8 backbone (ca. 1 µm width). 

The feature sizes are comparable to those of synthetic and natural ECMs
3,8

, and are 

several orders of magnitude smaller than those for electronic structures
23

 penetrating 

tissue in three dimensions.  
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Figure 4-6 Reticular nanowire nanoES. a, 3D reconstructed confocal fluorescence 

images of reticular nanoES viewed along y (I) and x (II) axes. The scaffold was labeled 

with rhodamine 6G. The overall size of the structure, x-y-z = 300-400-200 μm. Solid and 

dashed open magenta boxes indicate two nanowire FET devices located on different 

planes along x axis. Scale bars, 20 μm. b, SEM image of a single kinked nanowire FET 

within a reticular scaffold, showing (1) kinked nanowires, (2) metallic interconnects 

(magenta lines) and (3) the SU-8 backbone. Scale bar, 2 μm. c,  14 nanowire FETs were 

distributed in the construct shown in a, Individual devices are shown as solid green 

spheres, with (x, y, z) coordinates in microns denoted for each device point. The overall 

size of the scaffold, x-y-z was ~ 300-400-200 µm. The nanowire FET devices within the 

scaffold were separated in 3D by 7.3 to 324 µm.   

Nanowire FET devices (Fig. 4-6a, II) within the scaffold spanned separations of 

7.3 to 324 µm in 3D (Fig. 4-6c), and the reticular scaffold heights were less than ~ 300 

µm for our current fabrication conditions. Devices can be made closer together (for 

example, < 0.5 µm) by depositing denser nanowires on the substrate
40

 to improve spatial 

resolution of nanoelectronic sensors; the span of device separations and scaffold heights 

can be increased substantially using larger field lithography (see below). The 
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performance of devices was evaluated through water-gate measurements for the nanowire 

FET elements in the 3D scaffolds in aqueous medium. The results show device yields 

(~80 %), conductances (1.52 ± 0.61 µS; mean ± SD) and sensitivities (8.07 ± 2.92 µS/V), 

comparable to measurements from planar devices using similar nanowires
18

. 

 

Figure 4-7 Mesh nanowire nanoES. a, Photograph of a mesh device, showing (1) 

nanowires, (2) metal interconnects, (3) SU-8 structural elements. The circle indicates the 

position of a single nanowire FET. Scale bar, 2 mm. b, Photograph of a partially rolled-

up mesh device. Scale bar, 5 mm. c, SEM image of a loosely packed mesh nanoES, 

showing the macroporous structure. Scale bar, 100 µm.  

 

3D mesh nanoES were realized by folding and rolling free-standing device arrays. 

Mesh structures (Fig. 4-5a, II) were fabricated such that the nanoES maintained an 

approximately planar configuration following relief from the substrate. A typical 3.5 cm 

 1.5 cm  ~ 2 µm mesh nanoES, was approximately planar with 60 nanowire FET 

devices in regular array with a 2D open porosity of 75 % (Fig. 4-7a). This mesh porosity 

is comparable to that of honeycomb-like synthetic ECM engineered for cardiac tissue 

culture
38

. In addition, the nanowires (Fig. 4-7a, I), metal interconnects (Fig. 4-7a, 2), and 

SU-8 structural elements (Fig. 4-7a, 3) had an areal mass density of < 60 µg/cm
2
, the 

lowest value reported so far for flexible electronics, which reflects our macroporous 

architecture. The mesh nanoES was flexible and can be manually rolled into tubular 

constructs with inner diameters at least as small as 1.5 mm (Fig. 4-7b), and folded. 
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Macroporous structures of the open mesh nanoES were formed either by loosely stacking 

adjacent mesh layers (Fig. 4-7c) or by shaping it with other biomaterials.  These 

capabilities were consistent with the estimated ultralow effective bending stiffness, which 

was tuned between 0.006 – 1.3 nN·m for this mesh and is comparable to recent planar 

epidermal electronics
17

. 

 

Figure 4-8 Device performance characterization. a, Histograms of nanowire FET 

conductance and sensitivity in one typical mesh nanoES. The conductance and sensitivity 

were measured in water-gate configuration without rolling. The device yield for this 

mesh nanoES is 95 %. b,  Water-gate sensitivity and conductance of a nanowire FET 

device in a mesh device during the rolling process. Upper panel, schematic of nanowire 

FET position (yellow dot) during rolling process; 0-6 denote the number of turns. c, 

Relative change in conductance and sensitivity of 14 nanowire FETs evenly distributed 

throughout a fully rolled-up mesh device. Upper panel, schematic of nanowire FET 

position (yellow dots). In (b) and (c) the thicknesses of the tubular structures have been 

exaggerated for schematic clarity.   
 

The electrical transport characteristics of the mesh nanoES were evaluated in 

phosphate buffered saline (PBS). The typical device yield is 90-97 %, with average 

device conductance ~ 3µS and sensitivity ~ 7 µS/V (Fig. 4-8a). Representative 

conductance (G) data (Fig. 4-8b) from single nanowire FET (Fig. 4-8b, yellow dots, 

upper panel) during the rolling process showed a <0.17 µS conductance change (ΔG) or 

<2.3% total change for 6 revolutions. Device sensitivity (S) remained stable with a 
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maximum change (ΔS) of 0.031 µS/V, or 1.5% variation. The stable performance during 

rolling can be explained by the low estimated strains of metal (<0.005%) and SU-8 

(<0.27%) in this tubular construct, and showed that the properties were approximately 

independent of location. Furthermore, 14 devices evenly distributed on 6 layers of a 

rolled-up scaffold (Fig. 4-8c) showed maximum differences of ΔG = 6.8 and ΔS = 6.9% 

versus the unrolled state, demonstrating device robustness. Repetitive rolling and 

relaxation to the flat state did not degrade nanowire FET performance. These findings 

suggest potential for reliable sensing/recording of dynamic and deformable systems. 

 

Figure 4-9 Geometry control by design in nanoES. (a, b), Basic design and structural 

subunit for simulation. a, Top-down view of the entire subunit. Blue ribbons are stressed 

metal lines with SU-8 passivation. Red lines are single SU-8 ribbons without residual 

stress. b, Cross-sectional views of those two key structural elements used for simulation. 

c, Plot of projected (on x-y plane) length versus height (in z direction) for the vertical 

blue ribbon in (a) as determined from the simulation. Open red squares with error bars 

are experimental data recorded in air for point A and B in (a). The simulation of the 

bending of the subunit model for the reticular structure was carried out using the 

commercial finite element software ABAQUS. Inset shows a 3D view of the simulated 

structure, and the scale bar shows different height in z direction.  

4.3.2 Mechanical design  

We have carried out simulations of a subunit of the self-organizing reticular 

structure (Fig. 4-9a-c). Measurements of bending for the corresponding experimental 
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structures (Fig. 4-9c, open red squares) are consistent with the simulation (Fig. 4-9c). 

Additionally, changes in structural parameters (for example, total length of subunit and 

thicknesses of SU-8 or metals) yield predictable changes in the bending angle of the 

subunit (Fig. 4-10). In this way, ordered 3D nanowire FET arrays can be designed and 

fabricated using reticular- or mesh-like structures that incorporate multi-layer metal 

interconnects with built-in stress to self-organize (roll-up) the scaffold (Fig. 4-10).  

 

Figure 4-10 Design and fabrication of reticular nanoES. a, Simulation shows that 

when the equivalent bending moment is increased by 10 times, the subunit structure 

scrolls up on itself. Inset shows the curve of the central blue ribbon in Figure 4-9a, 

demonstrating the devices were scrolled up and different layers were separated. A and B 

are the two points in Figure 4-9a. (b-e), Design and fabrication of a much larger and 

regular matrix, the density of stressed elements increasing upward (from 1 to 10) in a 

manner analogous to the simulated subunit. b, The blue lines indicate stressed metal lines 

with SU-8 as passivation, red lines indicate non-stressed metal lines for interconnection 

with SU-8 as passivation or SU-8 ribbon as framework, and the circles mark positions for 

devices. c, 3D reconstructed confocal fluorescence image shows the side-view of the 

corresponding fabricated reticular construct following the design in (b). The dashed lines 

(c) highlight the edge of the ‘scrolled-up’ reticular nanoES construct. The white numbers 

and arrows indicate the position of 5 horizontal lines corresponding to those numbered in 

b. (d, e), Confocal fluorescence images scanned across the interior of the scaffold at 

different heights. The images demonstrate that the device regions (circles) are located in 

planes (heights of 80 and 60 µm are shown) are aligned, and thus demonstrate the regular 

arrangement in 3D. Scale bars in (d) and (e) are 50 µm. Overall, the results suggest that 

larger scale simulations could be used to predict the reticular construct geometry, and 
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(Continued) allow our self-assembling approach to provide regular (or irregular) device 

arrays distributed through 3D space by design.  
 

Finally, we have designed reticular domains in mesh-like structures (Fig. 4-11a). 

Images of reticular domains (Fig. 4-11b and Fig. 4-11c) show that regular nanowire FET 

devices with distinct device positions can be realized by varying the structural parameters 

of individual elements. Overall, this approach yields hierarchical 3D nanoES with sub-

micrometer to micrometer scale control in reticular domains and millimeter to centimeter 

scale in the mesh matrix by folding or rolling as shown above (Fig. 4-7).  

 

Figure 4-11 Reticular-mesh nanoES. a, Schematic showing the integration of periodic 

reticular-device domains (light blue) into a flexible mesh (green). In individual reticular 

domains, the 3D device positions relative to the global flexible mesh can be controlled by 

their geometry designs. (b, c) Design patterns (I) and experimental data (II) for two 

reticular units. SU8, metal and nanowires are shown in blue, pink and yellow in b. 

Changing the structure of the connecting feature (white arrows) between adjacent device 

units during pattern design (I) yields controlled variations in 3D positioning of the 

nanowire FETs, which can be further tuned by the stress in the metal connections. In 

these experiments, the device positions are 40 µm (b, II) and 23 µm (c, II) above the 

mesh plane. Scale bars in b and c, 20 µm.   

4.3.3 Characterization of nanoES/tissue scaffold hybrids  

The reticular and mesh nanoES also were merged with conventional macroporous 

biomaterials. Specifically, gel casting, lyophilization and electrospinning were used to 

deposit and construct macroporous collagen (Fig. 4-12a), alginate (Fig. 4-12b), and 
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poly(lactic-co-glycolic acid) (PLGA) (Fig. 4-12c), respectively, around nanoES. A 

confocal fluorescence microscopy image of a hybrid reticular nanoES/collagen 

 

Figure 4-12 Hybrid macroporous nanoelectronic scaffolds. a, Confocal fluorescence 

micrograph of a hybrid reticular nanoES/collagen matrix. Green (Fluorescein 

isothiocyanate): collagen type-I, organge (rhodamine 6G): epoxy ribbons. White arrow 

marks the position of nanowire. Scale bar, 10 µm. b, SEM images of mesh 

nanoES/alginate scaffold, top (I) and side (II) views. The epoxy ribbons from nanoES are 

false-colored in brown for clarity. Scale bars, 200 µm (I) and 100 µm (II). c, A bright-

field optical micrograph of the folded scaffold, showing multilayered structures of PLGA 

and nanoelectronic interconnects. Inset shows the photograph of the hybrid sheet before 

folding. A sheet of PLGA fibers with diameters of ~ 1-3 µm was deposited on both sides 

of the device. No damage or reduction of device yield was observed following this 

deposition. Scale bars, 200 µm and 5 mm (inset). d, Relative changes in nanowire FET 

sensitivity over time in culture (37 ºC; 5 % CO2, supplemented Neurobasal
TM

 medium). n 

= 5; data are means ± SD.  
 

scaffold (Fig. 4-12a) shows clearly that the collagen nanofibers (green) are fully 

entangled with the nanoES, with no evidence of phase separation. Scanning electron 

microscopy (SEM) images of the open mesh nanoES/alginate hybrid scaffold produced 

by lyophilization (Fig. 4-12b) show that the flexible nanoES mesh is intimately anchored 



84 

 

to the alginate framework, which has a similar pore structure as the pure alginate scaffold 

prepared under similar conditions. Finally, optical microscopy images of a multilayered 

mesh nanoES/PLGA scaffold (Fig. 4-12c), which was prepared by electrospinning PLGA 

fibers on both sides of the nanoES and subsequent folding of the hybrid structure, 

highlights the intimate contact between nanoES mesh and PLGA fibers. The hybrid 

nanoES/biomaterial 3D scaffolds retain the original nanowire FET device characteristics. 

For example, measurements in 1×PBS solution showed that ΔG/G and ΔS/S were less 

than ± 9 % for mesh nanoES/PLGA composite versus bare nanoES. Hybrid nanoES were 

stable under cell culture conditions. For example, nanowire FET devices in the hybrid 

reticular nanoES/Matrigel
TM

 scaffold in neuron culture media (Fig. 4-12d) had ΔS/S < ± 

11% over a 9 week period, suggesting a capability for long-term culture and monitoring 

with the nanoES. These results show that nanoES can be combined with conventional 

biomaterials to produce hybrid scaffolds that now provide nanoscale electrical sensory 

components distributed in 3D.  
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Figure 4-13 3D reconstructed confocal fluorescence image of rat hippocampal 

neurons within a reticular nanoES. (a, b), 3D reconstructed confocal images of rat 

hippocampal neurons after 2 week culture in Matrigel
TM

 on reticular nanoES. Red (Alexa 

Fluor® 546): neuronal β-tubulin, yellow (rhodamine 6G): epoxy ribbons. The metal 

interconnects are false-colored in blue, and are imaged in reflected light mode. White 

arrow highlights a neurite passing through a ring-like structure supporting a nanowire 

FET. Dimensions in (a), x: 317 μm; y: 317 μm; z: 100 μm; in (b), x: 127 μm; y: 127 μm; 

z: 68 μm. (c, d), The images were rotated from the view shown in (b) approximately as 

follows: (left image) 90º about z-axis, -10º about y-axis; (right image) 90º about z-axis, 

100º about y-axis, 40º about x-axis. Together, these images show unambiguously that 

neurites pass through the ring-like structures supporting individual nanowire FETs.  

4.3.4 Characterization of nanoES/tissue interface  

The hybrid nanoES were evaluated in 3D culture
29, 30 

for several cell types. 

Embryonic rat hippocampal neurons were cultured in the reticular nanoES/Matrigel
TM

 for 

7-21 days (Fig. 4-2). Reconstructed 3D confocal microscopy images from a 2-week 

culture (Fig. 4-13) showed neurons with a high density of spatially interconnected 

neurites that penetrated the reticular nanoES (Fig. 4-13a), often passing through the ring 
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structures supporting individual nanowire FETs (Fig. 4-13b-d). Notably, the widths of 

the scaffold elements (passivated metal interconnects and structural ribbons) were similar 

to those of the neurite projections, demonstrating the combination of electronics with 

biological systems at an unprecedented similarity in scale.  

 

Figure 4-14 Fluorescence images of cardiac cell-seeded nanoES. Images showing α-

actinin of cardiomyocytes (green in a-e, Alexa Fluor® 488), cell nuclei (blue in a-e, 

Hoechst 34580) and PLGA fibers (red in b-d, rhodamine 6G). Dense cardiomyocyte 

growth was supported by both nanoES (marked by yellow arrows in (a) and electrospun 

PLGA fibers in hybrid PLGA/nanoES in (b). c, is a zoomed view of the rectangular box 

in (b), showing (yellow arrows) striated patterns of α-actinin (green). d, Confocal 

fluorescence images of synthetic cardiac patch. II and III, zoomed-in view of the upper 

and lower dashed regions in I, showing metal interconnects, SU-8 scaffold (arrows in II), 

electrospun PLGA fibers (arrows in III). e, Epi-fluorescence image of the surface of the 

cardiac patch. Green (Alexa Fluor® 488): α-actinin, blue (Hoechst 34580): cell nuclei. 

The position of the source-drain electrodes is outlined with dashed lines. Scale bar, 200 

µm (a), 20 µm (b), 40 μm (d) and 40 μm(e).  
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3D nanoelectronic cardiac culture was achieved from hybrid mesh nanoES/PLGA 

scaffolds (Fig. 4-13). Confocal fluorescence microscopy of a cardiac 3D culture (Fig. 4-

13b-d) revealed a high density of cardiomyocytes in close contact with nanoES 

components. Epi-fluorescence images of cardiac cells on the surface of the nanoES 

cardiac patch showed striations characteristic of cardiac tissue
30, 38 

(Fig. 4-13e). In 

addition, the in vitro cytotoxicity of nanoES in 3D neural and cardiac culture was 

evaluated (Fig. 4-15). Differences between hippocampal neurons in reticular 

nanoES/Matrigel
TM

 versus Matrigel
TM

 over 21 days, assessed with a standard live/dead 

cell assay
29

 (Fig. 4-15a), and between cardiac cells in hybrid mesh 

nanoES/Matrigel
TM

/PLGA and Matrigel
TM

/PLGA from 2 to 12 days, measured with a 

metabolic activity assay (Fig. 4-15b) were minimal. These studies show that on 2-3 week 

time scale, the nanoES component of the scaffolds has little effect on cell viability, and 

thus could be exploited for a number of in vitro studies, including drug screening assays 

with these synthetic neural and cardiac tissues. Extended studies will be needed to 

evaluate the nanoES for longer-term implants, although the major component of nanoES, 

SU-8, has demonstrated long-term chronic biocompatibility suitable for in vivo 

recording
42, 43

.  
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Figure 4-15 Biocompatibility test. 50-um projection confocal fluorescence images of 

neuron culture in MatrigelTM (a) vs nanoES/MatrigelTM (b). Neurons were labeled by 

LIVE/DEAD cytotoxicity assay after 0 days (I), 7 days (II), 14 days (III) and 21 days 

(IV) culture. c, Percentage of viable hippocampal neurons cultured in nanoES/Matrigel
TM

 

vs Matrigel
TM

. Cell viability was evaluated with LIVE/DEAD cytotoxicity assay from (a, 

b). Cells were counted from 3D reconstructed confocal fluorescence photomicrographs. n 

= 6; data are means ± SD. Differences between groups were very small although 

statistically significant (p < 0.05). d, MTS cytotoxicity assay of cardiomyocytes 

evaluated using the MTS assay. n = 6; data are means ± SD. Differences between groups 

were very small although statistically significant (p < 0.05).  
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4.3.5 Monitoring of cellular activity and microenvironment and its change due to 

external stimulations  

The monitoring capabilities of the nanoES were first demonstrated in a 3D 

cardiomyocyte mesh construct (Fig. 4-16a). Output recorded from a single nanowire FET 

~ 200 µm below the construct surface showed regularly spaced spikes with a frequency 

of ~1 Hz, a calibrated potential change of ~2 to 3 mV, a S/N ratio ≥ 3, and ~ 2 ms width. 

The peak amplitude, shape, and width are consistent with extracellular recordings from 

cardiomyocytes
20

. The potential of the nanoES based 3D cardiac culture to monitor 

appropriate pharmacological response was investigated by dosing the 3D cardiomyocyte 

mesh construct with norepinephrine, a drug that stimulates cardiac contraction via β1-

adrenergic receptors
44

. Measurements from the same nanowire FET device showed a 

twofold increase in contraction frequency following drug application. Interestingly, 

recording from two nanowire FETs from the cardiac patch upon norepinephrine 

application showed sub-millisecond and millisecond level, heterogeneous cellular 

responses to the drug (Fig. 4-16a-c). Additionally, simultaneous recordings from 4 

nanowire FETs with separations up to 6.8 mm in a nanoES/cardiac construct (Fig. 4-16d) 

demonstrated multiplexed sensing of a coherently beating cardiac patch, with sub-

millisecond time resolution. Our current device design yields relatively sparse device 

distribution with 60 devices over a ca. 3.5  1.5 cm
2
 area. Increases in nanowire FET 

density, the use of cross-bar circuits and implementing multiplexing/demultiplexing for 

addressing
40

, could allow the nanoES scaffolds to map cardiac and other synthetic tissue 

electrical activities over the entire constructs at high-density in 3D.  
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Figure 4-16 Multiplexed electrical recording can show cellular heterogeneity in drug 

response. a, Electrical recording traces from two devices in a cardiac patch, before (left), 

during (middle) and after (right) Norepinephrine application. ΔtN is the temporal 

difference between a pair of spikes from two devices. tN-tN-1 is the interval between 

consecutive spikes from a single device. N is the spike index. b, The time (t) versus spike 

index (N) plot, showing a change in slope after norepinephrine application. The slopes 

correspond to the < tN-tN-1 >, and are 1.15 s and 0.50 s before and after drug application, 

respectively. The color coding for devices is the same as in (a). The data show that the 

cells exhibit overall coherent beating and response to the drug. The right panel is the 

zoom-in view of the transition, where the middle point (N=23) shows a decreased ΔtN 

compared to earlier and later spikes. c, The ΔtN  versus N plot. < ΔtN > and 1 SD 

(standard deviation) before (-) and after (+) norepinephrine application show that 

although the drug has minimum effect on < ΔtN >, the sub-millisecond and millisecond 
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(Continued) fluctuations of ΔtN (1 SD) increase by ~ 10 fold following drug addition. 

Such stochastic variation suggests millisecond-level, heterogeneous cellular responses to 

the drug. d, Multiplex electrical recording of extracellular field potentials from 4 

nanowire FETs (a-d) in a mesh nanoES.   
 

Last, multiplexing measurements made with a reticular nanoES/neural construct 

(Fig. 4-17) showed that the 3D response of glutamate activation could be monitored. 

Together these experiments suggest nanoES constructs can monitor in-vitro the response 

to drugs from 3D tissue models, and thus have potential as a platform for in-vitro 

pharmacological studies
9,10

.  

 

Figure 4-17 Multiplexed 3D recording from hybrid reticular nanoES/neural 

constructs. The hybrid nanoES/neural 3D construct was prepared by culturing neurons 

with a 3D reticular device array for 14 days in vitro with a density of > 4 million 

neurons/mL in Matrigel
TM

. During recording, the nanoES/neural hybrid was perfused 

with an oxygenated artificial CSF (aCSF) containing (in mM) 119 NaCl, 2.5 KCl, 2.5 

CaCl2, 1.3 MgSO4, 1 NaH2PO4, 26.2 NaHCO3, 22 glucose and equilibrated with 95% 

O2/5% CO2. Three nanowire FETs (labeled 1, 2 and 3) were distributed in the construct 

with x-y-z positions shown in (a). The total sample thickness was ~ 100 µm. The red 

lines indicate the distances between two devices in 3D. Sodium Glutamate (Sigma) was 

dissolved in saline solution and further diluted to 20 mM in aCSF solution. Glutamate 

solution was injected (Micro-injector, Harvard Apparatus) in the middle above device 1 

and 2 (orange arrow). The injection pulse duration is 0.5 s. b, The local field potential 

changes recorded from three devices in the 3D neuron construct showed distinct position-

dependent temporal responses following glutamate solution injection. c, Perfusing 6-

cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D(-)-2-Amino-5-phosphonopentanoic 

acid (APV) blockers prior to glutamate addition eliminate any observed response, and 

thus show that the observed response in (b) can be attributed to postsynaptic signal 

propagation. The orange segments mark the timing when glutamate solution was injected 
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(Continued) (b, c).The observed responses are consistent with the effects of glutamate, 

CNQX and APV.  

 

We have also extended our approach towards development of artificial tissue with 

embedded nanoelectronic sensory capabilities. Specifically, vascular nanoES constructs 

were prepared by processes analogous to those used for tissue engineered autologous 

blood vessels
31, 45 

except the addition of the nanoES (Fig. 4-18a). Human aortic smooth 

muscle cells (HASMCs) were cultured on 2D mesh nanoES with sodium ascorbate to 

promote deposition of natural ECM. The hybrid nanoES/HASMC sheets (Fig. 4-18b) 

were rolled into multi-layer 3D tubular structures and matured without macroscopic 

delamination or desquamation (Fig. 4-18c), and analyses showed that the cells expressed 

smooth muscle α-actin (Fig. 4-18d), the key contractile protein in smooth muscle
31

.  

 

Figure 4-18 Synthetic vascular construct by mesh nanoES. a, Schematic of the 

synthesis of smooth muscle nanoES. The upper panels are side views, while the lower 

ones are either top views (I and II) or zoom-in view (III). Grey: mesh nanoES, blue 

fibers: collagenous matrix secreted by HASMC, yellow dots: nanowire FETs, pink: 

HASMC. b, I. Photograph of a single HASMC sheet cultured with sodium L-ascorbate 
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(Continued) on a nanoES. II. Zoomed-in view of the dashed area in (I), showing metallic 

interconnects macroscopically integrated with cellular sheet. c, Photograph of the 

vascular construct after rolling into a tube and maturation in a culture chamber for 3 

weeks. d, Confocal fluorescence microscopy image from the surface of the 

HASMC/mesh-like nanoelectronics biomaterial shows α-actin (green, Alexa Fluor® 488) 

and cell nuclei (blue, Hoechst 34580) in smooth muscle cells. Local alignment of 

HASMCs is revealed by anisotropy in α-actin fibers running from upper left to lower 

right of image. Scale bars, 40 µm.  

The distribution of nanoES in the tubular construct was visualized by micro-

computed tomography (µCT). A projection of the reconstructed 3D µCT data (Fig. 4-

19a) revealed regularly spaced metal interconnects with at least four revolutions (arrows, 

Fig. 4-19a, II), consistent with the nanowire FET mesh and tissue rolling. Analyses of 

hematoxylin-eosin-stained sections (Fig. 4-19b) revealed smooth muscle tissue ~ 200 µm 

thick, with elongated cells and collagenous nanofibers, and embedded SU-8 ribbons from 

the nanoES (Fig. 4-19b). These findings confirm 3D integration of nanowire FET 

nanoelectronics with healthy smooth muscle.  

The potential of this vascular construct to function as a biomedical device was 

demonstrated by 3D pH sensing (Fig. 4-19c, inset). As the extravascular pH was varied 

stepwise with luminal pH fixed, simultaneous recordings from nanowire FETs in the 

outermost layer showed stepwise conductance decreases with a sensitivity of ~32 

mV/pH. Nanowire FETs in the innermost layer (closest to luminal) showed minor 

baseline fluctuations. This ability to resolve extravascular pH changes makes possible 

detection of inflammation, ischemia, tumor microenvironments or other forms of 

metabolic acidosis due to overproduction of organic acids or impaired renal 

acidification
46, 47

, although we stress that implantation of these nanoES based vascular 

and other nanoES-embedded constructs for in-vivo studies will require substantial future 

work. 
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Figure 4-19 Synthetic vascular construct enabled for sensing. a, I. Micro-computed 

tomograph of a tubular construct segment. II. Zoomed-in view of (I). Arrows mark the 

individual nanowire FET-containing layers of the rolled construct. Scale bar, 1 mm. b, 

Hematoxylin & eosin (I) and Masson Trichrome (II; collagen is blue) stained sections (~ 

6 μm thick) cut perpendicular to the tube axis; lumen regions are labeled. Arrows mark 

the positions of SU-8 ribbons of the nanoES. Scale bars, 50 μm. c, Changes in 

conductance over time for two nanowire FET devices located in the outermost (red) and 

innermost (blue) layers. Inset: schematic of the experimental set-up. Outer tubing 

delivered bathing solutions with varying pH (red dashed lines and arrows); inner tubing 

delivered solutions fixed pH (blue dashed lines and arrows).  

4.4 Conclusion  

The nanoES concept and implementations described here represent a new 

direction in merging nanoelectronics with biological systems since we have demonstrated 

3D macroporous material/device platform that is distinct from either engineered tissue
6, 48 
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or flexible electronics
13-17, 49-51

. Looking forward, there are several areas to develop. Cell 

interactions with nanoES could be tuned by modification of the nanoES with growth 

determinants
6, 30

. In addition, the elements in the nanoES could be expanded to 

incorporate nanoscale stimulators and stretchable designs to provide electrical and 

mechanical stimulation to enhance cell culture.  
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Chapter 5. Syringe Injectable Electronics 

5.1 Introduction 

With recent advancement in electronics fabrication
1-2

, we have been able to 

fabricate electronics on flexible, stretchable and 3D substrates so that electronics can 

cover on soft or non-planar surfaces for monitoring and control, and making smart and 

portable systems
3-12

. New requirements have risen for implementing electronics into 

objects with minimal invasiveness, 3D distributing nano- and micro-scale sensor units 

with microscale spatio-resolution in a large volume and maintaining mechanically ultra-

flexibility
13-14

. Some examples have shown that constructing 3D networks of the 

electronics with subsequently building a new object within these networks, however, 

these methods are not applicable to existing objects
8
. Also, one can use a substrate to 

deliver electronics into other samples with releasing electronics from that substrate; 

however, these methods still introduce large pieces of solid materials for delivering, 

which preclude the integration of sensing units into a large volume with minimal 

invasiveness
13

, which leads to, normally, when introducing electronic units into a large 

volume, same size damage is necessary. On the contrary, the development of soft 

materials (gel, fibers, etc.)
15-16

 and freestanding nano- or bio-materials (microbeads, viral 

vectors, etc)
17-18

 brings many examples in which materials can be syringe-

injected/delivered with vanishingly little invasiveness into a much larger target system 

followed by fully integration into the target system.  
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Here we introduce a new strategy for electronics design to meet those 

requirements. This strategy involves encapsulating electronics units into a mesh 

polymeric network that mimics the structure of soft materials and freestanding 

nanomaterials, delivering these electronics into target system via syringe-injection and 

making injected electronics self-restoring their geometric configuration. In this study, 

silicon nanowires
19-20

 were used as semiconductor components and metal electrodes
21

 

were used as electrical sensing units given their nano- and micro-scale structure, 

multifunctionalities and electrical and chemical recording capability.  

5.2 Experimental 

5.2.1 Nanowire synthesis  

Single-crystalline nanowires were synthesized using the Au nanocluster-catalyzed 

vapor-liquid-solid growth mechanism in a home-built CVD system described 

previously
22

. Au nanoclusters (Ted Pella Inc. Redding, CA) with 30 nm diameters were 

dispersed on the oxide surface of silicon/SiO2 substrates (600 nm oxides, n-type 

0.005V.cm, Nova Electronic Materials, Flower Mound, TX) and placed in the central 

region of a quartz tube CVD reactor system. Uniform 30-nm p-type silicon nanowires 

were synthesized using reported methods
22

. In a typical synthesis, the total pressure was 

40 torr, and the flow rates of SiH4, diborane (B2H6, 100 ppm in H2), and hydrogen (H2, 

semiconductor grade) were 2, 2.5, and 60 SCCM, respectively. The silicon-boron feed-in 

ratio was 4,000:1, and the total nanowire growth time was 30 - 60 min. 
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5.2.2 Freestanding syringe injectable electronics fabrication 

 Key steps used in the fabrication of the syringe injectable electronics were as 

follows
14

: (1) Thermal deposition were used to deposit a 100-nm nickel metal layer over 

the whole silicon wafer (600-nm SiO2 or 100-nm SiO2/200-nm Si3N4, n-type 0.005V.cm, 

Nova Electronic Materials, Flower Mound, TX), where the nickel served as the final 

relief layer for freestanding electronics. (2) A 300- to 400-nm layer of SU-8 photoresist 

(2000.5; MicroChem Corp., Newton, MA) was spin cast (3000 rmp) over the entire chip 

followed by prebaking at 65 °C and 95 °C for 2 and 4 min, respectively. (3) 

Photolithography was used to pattern the bottom SU-8 layer for passivating and 

supporting the whole device structure. After postbaking (65 °C and 95 °C for 2 and 4 

min, respectively), SU-8 developer (MicroChem Corp., Newton, MA) was used to 

develop the SU-8 pattern. Those areas exposed to UV light became indissoluble to SU-8 

developer, and other areas were dissolved by SU-8 developer. The SU-8 patterns were 

cured at 180 °C for 20 min. (4) A 300- to 400-nm layer of SU-8 photoresist was spin cast 

(3000 rmp) over the entire chip, followed by prebaking at 65 °C and 95 °C for 2 and 4 

min, respectively, then (5) the synthesized nanowires were directly printed from growth 

wafer over the SU-8 layer by the contact printing. Photolithography was used to define 

regular patterns on the SU-8. After postbaking (65 °C and 95 °C for 2 and 4 min, 

respectively), SU-8 developer (MicroChem Corp., Newton, MA) was used to develop the 

SU-8 pattern. Those nanowires on the non-exposed area were removed by further 

washing away in isopropanol solution 30 s for twice leaving those selected nanowires 

patterned on the regular patterns of SU-8 structure. The SU-8 patterns were cured at 180 

°C for 20 min. (6) To fabricate metal electrode electrophysiological sensor, 

photolithography and electron beam deposition were used to define and deposit 20 x 20 
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µm
2
 Pt pad. (7) Photolithography and thermal deposition were used to define and deposit 

the metal contact to address each nanowire device and form interconnections to the 

input/output pads for the array. For the general metal contact region, in which the metal is 

nonstressed, symmetrical Cr/Au/Cr (1.5/50–80/1.5 nm) metal was sequentially deposited 

followed by metal liftoff in acetone. For device region in which the metal is nonstressed, 

symmetrical Cr/Pd/Cr (1.5/50–80/1.5 nm) metal was sequentially deposited followed by 

metal liftoff in acetone. For device region in which metal is stressed for organizing into 

3D structure, nonsymmetrical Cr/Pd/Cr (1.5/50-80/50-80 nm) metal was sequentially 

deposited followed by metal liftoff in acetone. (8) A 300- to 400-nm layer of SU-8 

photoresist was spin cast (3000 rmp) over the entire chip, followed by prebaking at 65 °C 

and 95 °C for 2 and 4 min, respectively. Then lithography was used to pattern the top SU-

8 layer for passivating the whole device structure. The structure was post-baked, 

developed, and cured by the same procedure as described above. (9) A 300- and 500-nm 

thick layers of LOR 3A and S1805 (MicroChem Corp., Newton, MA) photoresist can be 

deposited by spin-coating and defined by photolithography to further protect the device 

region if necessary
23

. (10) The 2D syringe injectable electronics were released from the 

substrate by etching of the nickel layer (Nickel Etchant TFB, Transene Company Inc.) for 

3 - 4 hours at 25 °C. (11) If the device region was protected by photoresist protection 

layer, electronics need to be transferred into deionized (DI) water for rinsing and then 

dried on substrate, exposed in ultraviolet light (430 nm, 120 s) to sensitize the photoresist 

protection with subsequently immersed in developer solution (MF-CD-26, MicroChem 

Corp., Newton, MA) to dissolve the protection on device region. The structure of the 

mesh electronics is in Figure 5-1.  
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Figure 5-1 Optical images of electronics structure. a, Schematics of injectable 

electronics. Black, metal contact and I/O pads; orange, supporting polymer and blue, 

device. b, optical image of passive metal electrode. c, optical image of nanowire FET 

(indicated by green arrow) device. Source-drain electrodes are highlighted by white 

dashed lines. d. Optical image of mesh region on the mesh corresponds to green dashed 

box in (a). d and e, Optical image of I/O pads corresponds to black dashed box in (a).  

5.2.3 Structure characterization  

Scanning electron microscopy (SEM, Zeiss Ultra55/Supra55VP field-emission 

SEMs) was used to characterize the structure of electronics. Bright-field and dark-field 

optical micrographs of samples were acquired on an Olympus FV1000 system using 

FSX-BSW software (ver. 02.02). Fluorescence images were obtained by doping the SU-8 
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resist solution with Rhodamine 6G (Sigma-Aldrich Corp., St. Louis, MO) at a 

concentration less than 1 μg/mL before deposition and patterning by Olympus FSX100 

confocal microscopy system. ImageJ (ver. 1.45i, Wayne Rasband, National Institutes of 

Health, USA) was used for 3D reconstruction and analysis of the confocal and epi-

fluorescence images. 

5.2.4 Surface modification of electronics for syringe injectable  

The freestanding electronics was transferred into DI water by glass pipette to 

remove nickel etchant or developer solution. Then the electronics was transferred and 

soaked into poly-D-lysine (PDL, 0.5-1.0 mg/mL, MW 70,000 – 150,000, Sigma-Aldrich 

Corp., St. Louis, MO) aqueous solution for 2 - 12 hours at 25 °C for surface modification. 

After surface modification, electronics was transferred into PBS (HyClone™ Phosphate 

Buffered Saline, Thermo Fisher Scientific Inc., Pittsburgh, PA) buffer solution for future 

use.  

5.2.5 Mesh structure design  

5.2.5.1 General tilted mesh electronics  

Design of mesh structure is illustrated in Figure 5-2. We call the ribbon along the 

injection direction as the longitudinal ribbon and call the ribbon perpendicular to the 

injection direction as the transverse ribbon. Transverse ribbons are tilted 45° 

counterclockwise to transverse direction on the mesh plane forming 45° angle to 

longitudinal ribbons. Metal contacts are mainly encapsulated in longitudinal ribbons. For 

active electronics, some transverse ribbons also contain metal contacts to form the S/D 

electrodes of FET. For passive metal electrode electronics, only longitudinal ribbons 
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contain metal contacts. Silicon nanowire devices and passive metal electrodes are 

patterned either on the longitudinal ribbons in the center of unit cells or patterned 

separately in a beam in the longitudinal direction on the transverse ribbons in the center 

of unit cells to reduce strains for device during injection. For the ribbons containing metal 

contact lines, 100-nm thick metal lines are encapsulated in the middle of two 350-nm 

thick SU-8 layers. For the ribbons without metal contact lines, the total SU-8 thickness is 

700-nm. Transverse ribbons and longitudinal ribbons together form mesh with periodic 

unit cells. The dimensions of all unit cells are identical across the whole mesh. Design #1 

is used for injection by needle with inner diameter larger than 200 µm. The width of 

mesh is 5 – 15 mm. The length of unit cell is 333 µm and width of unit cell is 250 µm. 

All the SU-8 layers are 20 µm in width and all the metal layers are 10 µm in width. 

Design #2 is used for injection by needle with inner diameter smaller than 200 µm. The 

width of mesh is 2 – 5 mm. The length of unit cell is 333 µm and width of unit cell is 250 

µm. SU-8 layers in longitudinal ribbons are 20 µm in width and SU-8 layers in transverse 

ribbons are 5 – 10 µm in width. Metal layers in longitudinal ribbons are 10 µm in width 

and metal layers in transverse ribbons are 2 – 5 µm in width.  
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Figure 5-2 Schematics of mesh design. Schematics show the structures of 2 different 

mesh designs. Black dashed boxes highlight the unit cell structure. Red, supporting and 

passivation polymer and yellow, metal lines.  

5.2.5.2 Control orthogonal mesh electronics sample  

The transverse ribbons are perpendicular to the longitudinal ribbons to form an 

orthogonal mesh with the same periodic unit cell structure. All metal line patterns, 

thickness and width of ribbons are the same as design #1 of tilted transverse ribbons 

electronics. The width of electronics is 5 – 15 mm for testing.  

5.2.5.3 Control thin film electronics sample  

The thickness of SU-8 is 700 nm. All the metal line patterns are the same as 

design #1 of tilted mesh electronics. The width of electronics is 0.1 – 5 mm. 

5.2.6 Glass needle and fluidic channel preparation 

Glass needle was prepared by using a conventional pipette puller (Model P-97, 

Sutter Instrument, CA) and glass tube (30-0057, Harvard Apparatus) following the 

parameters: Heat: Ramp + 25, Pull: 0, Velocity: 140, Time: 100 and Pressure: 200. For a 
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clean-cut needle with inner diameter from 20 – 200 µm, a ceramic tiles (#CTS, Sutter 

Instrument, CA) was used to score the glass tip checked by optical microscope with 

subsequent mechanical break.  

For the channels used for imaging, the pulling is halted and suspended in the 

middle to not completely break the glass tube (VWR International, LLC, Radnor, PA). 

The channel size is characterized by confocal fluorescence imaging. Rodamine-6G 

(Sigma-Aldrich Corp., St. Louis, MO) solution is filled into the channel for imaging. For 

a channel inner diameter smaller than 300 µm, epoxy glue is used to increase stability of 

channel preventing channel broken during imaging.  

5.2.7 Surface-to-volume-ratio calculation 

The surface-to-volume-ratio of a ribbon or a film (length, l; width, w; height, h) is 

calculated as 2(lw+lh+wh)/lwh=2(1/h+1/w+1/l). For a typical thin film of 10um height, 

with much larger length and width, the surface-to-volume-ratio is ca. 2/h=0.2 um
-1

. For a 

typical ribbon (large length l) in our mesh structure with 5 um and 0.7 um in width and 

height respectively, the surface-to-volume-ratio is ~2/h+2/w=3.25 um
-1

. 

5.2.8 Injection by metal gauge needles 

After surface modification, electronics was transferred into syringe (Pressure 

Control Glass Syringes, Cadence, Inc., Cranston, RI) with metal gauge needle 

(Veterinary Needles, Cadence, Inc., Cranston, RI) by glass pipette (Disposable Pasteur 

Pipets, Lime Glass, VWR International, LLC, Radnor, PA). It is very important to keep 

the orientation and unfolded structure of the electronics in the syringe to prevent any 

buckles. Press the syringe and allow the tip part of the electronics be loaded into the 

needle.  
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5.2.9 Injection by glass needle 

After surface modification, electronics was transferred into syringe with metal 

gauge needle by glass pipette. It is very important to keep the orientation and unfolded 

structure of the electronics in the syringe to prevent any buckles. Syringe was connected 

to glass needle by plastic tubing. Press the syringe and allow the tip part of the electronics 

be loaded into the glass needle. To better control injection process, the microinjector 

(NPIPDES, ALA Scientific instruments Inc., Farmingdale, NY) and patch-clamp set-up 

(Axonpatch 200B, Molecular Devices, LLC, Sunnyvale, CA) were used for control the 

injection process. Electronics was directly loaded into the glass needle illustrated by 

Figure 5-3 as following: (1) A plastic tube was connected to the tip end of glass needle 

and connected to a syringe. (2) Electronics was drawn in into the rear part of glass needle. 

It is very important to load the electronics from its sharp tip to facilitate the folding of 

electronics in the glass tube and keep an extended structure to prevent buckles. (3) The 

plastic tube was removed from glass needle and the needle was mounted onto patch-

clamp set-up and connected to micro-injector or syringe for injection.   
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Figure 5-3 Loading in needle. Schematics show how the mesh electronics was stepwise 

loaded into glass needle. Blue, glass needle; pink, plastic tube; yellow, injectable 

electronics; black, I/O pads and blue, nanowire devices. a, the tip of glass needle was 

connected to syringe by plastic tube. Injectable electronics was sucked in from the end of 

glass needle. b, electronics was loaded into glass needle. c, glass needle was mounted to 

patch-clamp setup for injection.  

5.2.10 Yield of injection 

To obtain the yield of electronics after injection, conductance of nanowire devices 

before and after injection through needles was compared as following procedure: (1) As-

made 2D electronics was partially immersed in etchant solution (Nickel Etchant TFB, 

Transene Company Inc., Danvers, MA) for 3 - 4 hours at 25 ºC to firstly release nickel 

layer under I/O region of electronics. Then, electronics was transferred to DI water and 

dried in ethanol, while the released I/O region was unfolded on the substrate. (2) After 
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electronics dried completely, the left nickel layer was etched in etchant solution for 1 - 2 

hours at 25 °C, after which electronics would be transferred to DI water and dried in 

ethanol to allow active device region to be unfolded on the substrate. Because the I/O 

pads covering larger region than electronics, these two-step etching process reduce the 

etching time for active device region. (3) After completely dried, electronics adhered 

weakly on the wafer, which can be easily removed from the substrate afterwards. 

Conductance (G0) for each device was measured by a probe station (Desert Cryogenics, 

Model 4156C) with back plane grounded. Current-voltage (I-V) data were recorded using 

an Agilent semiconductor parameter analyzer (Model 4156C) with contacts to device 

through probe station. Device with conductance above 100 nS were accounted as initial 

devices with total number N0 in this stage. (4) After conductance measurement, 

electronics on substrate was immersed in DI water for 4 - 6 hours until it released from 

the substrate and fully suspended in the solution. (5) The electronics was transferred 

through glass pipette to PDL aqueous solution for surface modification as described 

above. (6) Electronics was loaded by glass pipette into syringe with gauge metal needle 

and injected through needle with different inner diameters (from 100 um to 600um) into a 

chamber with I/O part unfolded near the chamber on a substrate. (7) Ethanol was used to 

rinse and dry the I/O part. (8) Conductance (G1) for each device was measured again with 

the same probe station under same condition, and the total number of survived devices 

with G1 above 100 nS was N1. Yield and conductance change were calculated as (N1/N0) 

and (G1-G0)/G0, respectively.  
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5.2.11 ACF bonding process 

After fabrication, electronics was injected through syringe into solution, soft 

matters, biomaterials or tissues, with I/O part injected outside the target materials. DI 

water and other solvents (PBS, culture medium, hexane, etc.) were introduced to facilitate 

unfolding the I/O region, after which the I/O region was rinsed and dried with ethanol 

(ethanol, 190 proof (95%), VWR International, LLC, Radnor, PA) (Fig. 5-4). For the 

connection to measurement setup, the unfolded and dried I/O region of injectable 

electronics was bonded to the flexible cable (FFC / FPC Jumper Cables PREMO-

FLEX, Molex, Lisle, IL) through an anisotropic conductive film (ACF, AC-4351Y, 

Hitachi Chemical Co. America, Ltd., Westborough, MA). ACF was 1.2mm wide with 

conductive particles ~3 um in diameter. Firstly, an ACF with protective layer was 

positioned on the I/O region, and presealed after being heated to 90 º and a pressure of 1 

MPa for 1 min with a homemade hot bar or commercial bonding system (Fineplacer 

Lambda Manual Sub-Micron Flip-Chip Bonder, Finetech, Inc., Manchester, NH) to tack 

it on I/O part with protective layer removed. Then the flexible cable was placed on the 

ACF and aligned. At last, the endsealing was made with a temperature of 190 – 210 ºC in 

ACF and a pressure of 4 MPa on the top for 5 min applied by homemade hot bar or 

commercial bonding system. In order to demonstrate the adhesion strength of the 

interface between I/O pads and flexible cable, the structure was peeled from the substrate 

and examined by optical microscopy.  

The connection resistance of ACF was measured to investigate the influence of 

bonding on electrical properties of devices (Fig. 5-4c and d). The conductance of each 

device was measured by probe station as R0 and R1 before and after ACF bonding, 

respectively. The connection resistance for each I/O pad (100 um diameter) was 
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calculated as (R1-R0)/2, illustrated in Figure 5-4c. The calculated connection resistance 

after ACF bonding with commercial bonder and homemade bonding is ca. 21.2Ω and ca. 

33.7Ω respectively (Fig. 5-4d), below 0.05% of typical nanowire resistance and 0.03% of 

MEA device. The insulation resistance between I/O pads without circuits was over 10
10 

Ω. These measurements and calculation results demonstrated that ACF bonding had little 

influence on electrical properties of injectable electronics, which ensured reliable 

measurement of injectable electronics in many kinds of applications afterwards.  

 

Figure 5-4 Bonding process. Schematics (a) and corresponding optical image (b) of 

bonding. (I) flexible cable, (II) ACF film and (III) unfolded I/O region of device on 

substrate. c. Connection resistance of ACF film bonded by flipchip bonder (red) and 

home-made bonding system (blue). d, Statistic results of connection resistance data in 

(c), showing the average value and standard deviation.  

5.2.12 Imaging of electronics in glass channel 

Electronics with different width, and mesh structure were injected into the glass 

channels following the same injection process described above. However, electronics was 

only partially injected through the needle. Confocal fluorescence microscope was used to 
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image the 3D structure of the electronics in the glass needle. ImageJ was used to re-slice 

the 3D reconstructed images of device in the longitudinal direction by the step of 1 µm. 

5.2.13 Mechanical simulations 

5.2.13.1 Bending stiffness simulation 

We estimate the bending stiffness of the devices with different structures by finite 

element software ABAQUS. A unit cell is used for the simulation, and the tilt angle α is 

defined in Figure 5-1. The devices are modeled with shell elements. The longitudinal 

ribbons are partitioned into a one-layer part and a three-layer part. A homogeneous 

section with 700-µm thick SU-8 is assigned to the transverse ribbons, while a composite 

section with three layers of 300-nm thick SU8, 100-nm thick gold and another 300-nm 

thick SU-8 is assigned to the three-layer part of the longitudinal ribbons. Both SU-8 and 

gold are modeled as linear elastic material, with Young’s modulus 2 Gpa and 79 Gpa 

respectively
12

. To calculate the longitudinal and transverse bending stiffness, a fixed 

boundary condition is set at one of the ends parallel with the bending direction, and a 

small vertical displacement, d, is added at the other end. The external work, W, to bend 

the device is calculated. We define the effective bending stiffness of the device as the 

stiffness required of a homogenous beam to achieve the same external work W under the 

displacement d. Therefore, the effective bending stiffness per width of the device can be 

estimated as 

bd

Wl
D

2

3

3

2
 ,                                                              (1) 

with b the width of the unit cell parallel with the bending direction, and l the length of the 

unit cell perpendicular to the bending direction.  
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5.2.13.2 Injection simulation 

We further simulate a unit cell with the tilted angle α =45° going through a needle 

(Fig. 5-5a). The unit cell is bent by a rigid shell with radius of curvature R (Fig. 5-5b). A 

fixed boundary condition is set on one of the end of the device parallel with the bending 

direction. The distribution of the maximal principal strain εm is shown in the inset of Fig. 

3c. When the radius of the needle R is 300 µm, the highest maximal principal strain is as 

small as 0.167%; when the radius of the needle R is 100 µm, εm reaches around 0.531%. 

The dependence of the highest maximal principal strain εm of the unit cell on the 

curvature 1/R is linear as shown in Figure 5-5b. The two colors correspond to two 

different sizes of the mesh structures. The two corresponding fitting relations are εm = 

0.499/R and εm =0.473/R respectively. 



114 

 

 

Figure 5-5 Mechanics of mesh during rolling. a, Schematics show that mesh roll up in 

transverse direction in needle. b, Simulated highest strain value as functions of 1 over 

needle radius. Inset is a representative simulation shows the strain distribution of unit cell 

in 200-um inner diameter needle. Red dashed circle highlights the point with highest 

strain. Black dashed circle and black arrow show the inner boundary and diameter of the 

needle.   

5.2.13.3 Dimensional analysis of integration of the device with cells 

When the electronics is injected into tissues, the flexibility of the electronics has 

been proved to be important for the survival of cells and interface between devices and 
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cells, especially in long-term chronic implantation
24

. When the electronics is too rigid to 

be bent, chronic damage will be induced by mechanical mismatch. Here we define a 

dimensionless number D/γL
2
, where D is the bending stiffness per width of the ribbons of 

electronics, γ is the membrane tension of cells and L is the length of the electronics. Since 

the bending curvature of the device scales as ~1/L, the bending energy scales
25

 as ~Dw/L, 

with w is the width of the device. The surface membrane energy due to the insertion of 

the electronics scales as ~nγwd, with n is the number of cells on the electronics and d is 

the size of cells. Considering in the long-term implantation, the electronics will fully 

contact with tissue, then nd scales as ~L. Therefore, the ratio of the bending energy and 

the surface energy gives the dimensionless number D/γL
2
, which describes the flexibility 

of the device compared to the membrane tension of cells. Our electronics have the 

properties of D ~ 0.36 nN·m
14

 and L~ 300-500 µm, and typical cells have γ~1 mN/m
26 

and neuron cells measured by AFM have γ~0.01-0.4 mN/m
27

. We can calculate D/γtL~ 

3.5-140. Given the elastic modulus of Si, carbon fiber, gold and SU-8 are 130 GPa
24

, 234 

GPa
28

, 79 GPa and 2 GPa
8
, respectively, we can calculate the bending stiffness of 

previous reported Silicon microelectronic probe, carbon fiber probe and thin film 

electronics is ca. 4.6x10
-5

, 9.2x10
-5

 and 1.3x10
-6

 N·m. The ratio of the bending energy 

and the surface energy calculated for injectable electronics is orders magnitude smaller 

than conventional silicon microelectronics (1.15x10
5
-4.6x10

6
)
24

, carbon fiber probes 

(2.3x10
5
-9.2x10

6
)
28

 and reported thin film electronics (3.3x10
3
-1.3x10

5
)
10

. Therefore the 

design of injectable electronics exhibits more mechanical flexibility to integrate with 

cells and tissues, especially in chronic implantation.  
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5.2.14 Inject electronics in soft matters  

PDMS pre-polymer components were prepared in a 10:1 (base:cure agent; 

Sylgard 184, Dow Corning Corporation, Midland, MI) weight ratio at first, and diluted by 

hexane (n-hexane 95% optima, Fisher Scientific Inc., Pittsburgh, PA) in a 1:3 

(PDMS:hexane) volume ratio. The cavity for injection was formed by two pieces of cured 

PDMS (cured at 65 ºC for 2 hours; Sylgard 184, Dow Corning Corporation, Midland, 

MI). Electronics was transferred from water to ethanol after etching, dissolved in 

PDMS/hexane solution and then loaded into glass syringe with 18 gauge metal needle. 

Device region was injected into the cavity, with I/O region injected outside the cavity on 

a silicon wafer or a glass side (VistaVision Microscope Slides, Plain and Frosted, VWR 

International, LLC, Radnor, PA). Hexane was used to wash away PDMS residues on the 

I/O region, after which the I/O region were unfolded with alcohol. The transition part of 

electronics from PDMS to substrate was fixed by Kwik-Sil (World Precision Instruments, 

Inc., Sarasota, FL) silicone elastomer to avoid damage to the device during the drying 

process. Finally, the hybrid structure of PDMS and electronics was cured at room 

temperature for 48 hours.  

The I/O pads were bonded to flexible cable through ACF just as the process 

described above. The piezoelectric response to strain of the nanowire devices was 

calibrated using homemade clamp device with linear translocation stages under tensile or 

compressive strain in x direction, where the strain was calculated from the relative length 

change (△L/L=0.5mm/54mm=0.9%). The strain field caused by point load in z direction 

was determined in experiments where the hybrid structure with calibrated nanowire strain 

sensors was subject to non-uniform deformations. 
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5.2.15 Inject electronics in Matrigel
TM

 with and without neurons 

Poly-D-lysine modified electronics was transferred into PBS solution and then 

into Neurobasal
TM

 medium (Invitrogen, Grand Island, NY). Electronics was loaded into 

metal syringe needle as described above. Matrigel
TM

 (BD Bioscience, Bedford, MA) was 

diluted into 30% (v/v) with neuron culture medium and polymerized at 37 ºC. Electronics 

was injected into polymerized Matrigel. The hybrid structure was incubated in 37 ºC to 

investigate the unfolding of electronics in Matrigel
TM

. 

5.2.16 Inject electronics in Matrigel
TM

 with neurons 

Hippocampal neurons (Gelantis, San Diego, CA) were prepared using a standard 

protocol described previously
4
. In brief, 5 mg of NeuroPapain Enzyme (Gelantis, San 

Diego, CA) was added to 1.5 ml of NeuroPrep Medium (Gelantis, San Diego, CA). The 

solution was kept at 37 ºC for 15 min, and sterilized with a 0.2-µm syringe filter (Pall 

Corporation, MI). Day 18 embryonic Sprague/Dawley rat hippocampal tissue with 

shipping medium (E18 Primary Rat Hippocampal Cells, Gelantis, San Diego, CA) was 

spun down at 200 g for 1 min. The shipping medium was exchanged for NeuroPapain 

Enzyme medium. A tube containing tissue and the digestion medium was kept at 30 ºC 

for 30 min and manually swirled every 2 min, the cells were spun down at 200 g for 1 

min, the NeuroPapain medium was removed, and 1 ml of shipping medium was added. 

After trituration, cells were isolated by centrifugation at 200 g for 1 min and then 

resuspended in 5-10 mg/ml Matrigel
TM

 at 4 ºC. Matrigel
TM

 with neurons were mixed with 

electronics at 4 ºC and then loaded into syringe with metal gauge needle. The electronics 

and neurons were co-injected into 30% (v/v) polymerized Matrigel
TM

 in culture plate and 
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then placed in incubator to allow Matrigel
TM

 to gel at 37 ºC for 20 min. Then 1.5 mL of 

NeuroPure plating medium was added. After 1 day, the plating medium was changed to 

Neurobasal
TM

 medium (Invitrogen, Grand Island, NY) supplemented with B27 (B27 

Serum-Free Supplement, Invitrogen, Grand Island, NY), Glutamax
TM

 (Invitrogen, Grand 

Island, NY) and 0.1% Gentamicin reagent solution (Invitrogen, Grand Island, NY). The 

in-vitro co-cultures were maintained at 37 °C with 5% CO2 for 14 days, with medium 

changed every 4-6 days. 

5.2.17 Immunostaining and imaging of neurons and electronics 

Cells were fixed with 4% paraformaldehyde (Electron Microscope Sciences, 

Hatfield, PA) in PBS for 15-30 min, followed by 2-3 washes with ice-cold PBS. Cells 

were pre-blocked and permeabilized (0.2-0.25% Triton X-100 and 10% feral bovine 

serum (F2442, Sigma-Aldrich Corp. St. Louis, MO) for 1 hour at room temperature. 

Next, the cells were incubated with primary antibodies Anti-neuron specific β-tubulin (in 

1% FBS in 1% (v/v)) for 1 hour at room temperature or overnight at 4 ºC. Then cells 

were incubated with the secondary antibodies AlexaFluor-546 goat anti-mouse IgG 

(1:1000, Invitrogen, Grand Island, NY). For counter-staining of cell nuclei, cells were 

incubated with 0.1-1 µg/mL Hoechst 34580 (Molecular Probes, Invitrogen, Grand Island, 

NY) for 1 min.  
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5.2.18 Mouse Surgery 

5.2.18.1 Animal preparation 

Adult (25-35 g) male C57BL/6J mice (Jackson lab) were group-housed, giving access to 

food pellets and water ad libitum and maintained on a 12 h: 12 h light: dark cycle. All 

animals were held in a facility beside lab 1 week prior to surgery, post-surgery and 

throughout the duration of the behavioral assays to minimize stress from transportation 

and disruption from foot traffic. All procedures were approved by the Animal Care and 

Use Committee of Harvard University and conformed to US National Institutes of Health 

guidelines.     

5.2.18.2 Stereotaxic surgery 

After animals were acclimatized to the holding facility for more than 1 week, they 

were anesthetized with a mixture of 60 mg/kg of ketamine and 0.5 mg/kg medetomidine 

(Patterson Veterinary Supply Inc., Chicago, IL) administered intraperitoneal injection, 

with 0.03 mL update injections of ketamine to maintain anesthesia during surgery. A 

heating pad (at 37C) was placed underneath the body to provide warmth during surgery. 

Depth of anesthesia was monitored by pinching the animal’s feet periodically. Animal 

was placed in a sterotaxic frame (Lab Standard Stereotaxic Instrument, Stoelting Co., 

Wood Dale, IL) and 1-mm longitudinal incision was made, and skin was resected from 

the center axis of the skull, exposing a 2 mm by 2mm portion of the skull. The dura was 

incised and resected from the surface of the skull. Next, a 0.5-mm diameter hole was 

drilled into the frontal and parietal skull plates using a dental drill (Micromotor with 

On/Off Pedal 110/220, Grobet USA, Carlstadt, NJ).  
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Sterile saline was swabbed on the brain surface to keep it moist throughout the 

throughout the surgery. Sterotaxic arm was used to clamp needle containing the 

injectable electronics. Electronic was loaded into the needle by first connecting the glass 

needle to a syringe via a plastic tube and drawn into the end of the glass needle. The glass 

needle was then detached from the syringe and then mounted to a patch-clamp setup for 

injection. The glass needle had a diameter of 100 – 200 µm. The needle was lowered into 

the exposed brain surface and the syringe or microinjector was used to inject the 

electronics into the brain. The needle was lowered approximately 1 mm into the skull 

(Interaural: 6.16 mm, Bregma: -3.84 mm), to test the effects of deep brain and superficial 

layer injections. After injection, needle is drawn out of the brain tissue and the I/O region 

is injected on the surface of the skull. 

After injection, the skin that was retracted from the center axis was replaced and 

the incision was sealed with C&B-METABOND (Cement System). Anti-inflammatory 

and anti-bacterial ointment was swabbed onto the skin after surgery. A 0.3 mL 

intraperitoneal injection of Buprenex (Patterson Veterinary Supply Inc. Chicago, IL, 

diluted with 0.5 ml of PBS) for 0.1 mg/kg was administered to reduce post-operative 

pain. Animals were observed for four hours after surgery and hydrogel was provided for 

food, and heating pad was on at 37C for the remainder of post-operative care. All 

procedures complied with the United States Department of Agriculture guidelines for the 

care and use of laboratory animals and were approved by the Harvard University Office 

for Animal Welfare.  
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5.2.18.3 Incubation and behavioral analysis 

Animal was cared for every day for 3 days after the surgery and every other day 

after first 3 days. Animal was administered with 0.3 mL of Buprenex (0.1 mg/kg, diluted 

with 0.5 mL PBS) every 12 hours for 3 days. Animal was also observed every other day 

for behavioral changes. Animals, which were surgically operated on, were housed 

individually in cage with food and water ad libitum. The room was maintained at 

constant temperature on a 12-12 h light-dark cycle.  

5.2.18.4 Brain tissue preparation for chronic immunostaining 

(1) Mice underwent transcardial perfusion (40 mL PBS) and were fixed with 4% 

formaldehyde (Sigma, 40 mL) 4-5 weeks after the surgery
29

. (2) Mice were decapitated 

and brains were removed from the skull and set in 4% formaldehyde for 24 hours as post 

fixation and then PBS for 24 hours to remove extra formaldehyde. Electronics was kept 

inside the brain throughout fixing process. (3) Brains were blocked, separated into the 

two hemispheres and mounted on the stage of vibratome (Vibrating Blade Microtome 

Leica VT1000 S, Leica Microsystems Inc. Buffalo Grove, IL). 50-100 µm vibratome 

tissue slices (horizontal and coronal orientations) were prepared for samples with staining 

for microglia, astrocytes and nuclei. 30-50 µm vibratome tissue slices (horizontal and 

coronal orientations) were prepared for samples with staining for neurons. For samples 

with electronics injected in lateral ventricle, brains were blocked and then fixed in 1% 

(w/v) agarose type I-B (Sigma-Aldrich Corp., St. Louis, MO) to fix the position of 

electronics in the lateral ventricle cavity and then mounted on the stage of vibratome. 100 

µm vibratome tissue horizontal slices were prepared. Coronal slices allowed for cuts in a 
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direction along the long axis of the injected electronics and horizontal slices allowed for 

cuts in a direction perpendicular to the long axis of the injected device. 

5.2.18.5 Chronic Immunohistochemistry: Microglia, Astrocytes and Nuclei 

(1) Sections were then cleared with 5 mg/mL sodium borohydride in HEPES-

buffered Hanks saline (HBHS, Invitrogen) for 30 minutes, with 3 following washes with 

HBHS in 5-10 minute intervals. Sodium azide (4%) was diluted 100x in HBHS in all 

steps using HBHS. (2) Slices were incubated with 0.5% (v/v) Triton X-100 in HBHS for 

30 min at room temperature. (3) Slices were blocked with 5% (w/v) FBS and incubated 

overnight at room temperature. (4) Slices were washed four times in 30 min intervals 

with HBHS to clear any remaining serum in the tissue. Slices were then incubated 

overnight at room temperature with the GFAP primary antibody (targeting astrocytes, 

1:1000, Invitrogen #13-0300, lot #686276A) and rabbit anti-Iba-1 primary antibody 

(targeting microglia, 1:800, Wako #019-19741, lot #STN0674) containing 0.2% triton 

and 3% serum. (5) After incubation period, slices were again washed four times for 30 

minutes with HBHS, slices were incubated with secondary antibody (1:200; Alexa Flour 

546 goat anti-rat, 1:200; Alexa Fluor 488 goat anti-rabbit secondary antibody, Invitrogen, 

Carlsbad, CA), Hoechst 33342 (nuclein stain 1:150, Invitrogen #h-1399, lot #46C3-4) 

0.2% Triton and 3% serum overnight. (6) After the final washes (four for 30 min each 

HBHS), Slices were mounted on glass slides with coverslips using Prolong Gold 

(Invitrogen) mounting media. The slides remained covered (protected from light) at room 

temperature, allowing for 12 hours of clearance before imaging.  
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5.2.18.6 Chronic Immunohistochemistry: Neuron 

Slices were cleared with 5 mg/mL sodium borohydride in HBHS for 30 minutes, 

with 3 following washes with HBHS in 5-10 minute intervals. Then, slices were 

incubated with 0.5% (v/v) Triton X-100 in HBHS for 30 min at room temperature. Next, 

sections were blocked with 5% (w/v) serum and incubated overnight at room 

temperature. Next, slices were washed four times in 30-minute intervals with HBHS to 

clear any remaining serum in the tissue. Slices were then incubated with primary 

antibody (NeuN, 1:200, AbCam #ab77315) in 0.3% Triton-X100 and 3% serum in PBS 

overnight at room temperature. After 24 hours, sections were washed four times for 30 

minutes in PBS and then counterstained with Hoechst 33342 (1:5000, Invitrogen 

#H35770). Prolong gold coverslips were used again to protect from light and allowed for 

12 hrs of clearance before imaging. When the antibody solutions were first prepared, they 

included 0.3 Triton X-100 and 5% normal goat serum.  

5.2.18.7 Immunostaining for electronics in the cavity of lateral ventricle 

 Slices were cleared with 5 mg/mL sodium borohydride in HBHS for 30 minutes, 

with 3 following washes with HBHS in 5-10 minute intervals. Then, slices were 

incubated with 0.5% (v/v) Triton X-100 in HBHS for 30 min at room temperature. Next, 

sections were blocked with 5% (w/v) serum and incubated overnight at room 

temperature. Next, slices were washed four times in 30-minute intervals with HBHS to 

clear any remaining serum in the tissue. Slices were then incubated with primary 

antibody (NeuN, 1:200, AbCam #ab77315) in 0.3% Triton-X100 and 3% serum in PBS 

overnight at room temperature. After 24 hours, sections were washed four times for 30 

minutes in PBS and then counterstained with Hoechst 33342 (1:5000, Invitrogen 
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#H35770). Prolong gold coverslips were used again to protect from light and allowed for 

12 hrs of clearance before imaging. When the antibody solutions were first prepared, they 

included 0.3 Triton X-100 and 5% serum. 

5.3 Results and discussion 

5.3.1 Syringe injectable electronics 

Figure 5-6 shows the schematics of the basic idea. Electronics are in a mesh 

network encapsulated in a photodefinable epoxy (SU-8), which are fabricated on a nickel 

sacrificial layer as reported previously
14

, and then completely removed from the substrate 

with electronic sensor units, metal connections and input/output (I/O) pads all distributed 

on this freestanding network (Fig. 5-1). We can load electronics into syringe and then 

delivered/injected through the needle (Fig. 5-6a) with its subsequent geometrical 

restoration (Fig. 5-6b and c). Through the control of injection process, the I/O can be 

injected on the outside of injected system for electric connections. 

 

Figure 5-6 Concept for injectable electronics. a, mesh electronics is loaded into syringe 

and injected into targeted system. b, mesh electronics is injected into targeted system and 

gradually unfold. c, mesh electronics has been injected into targeted system and totally 

unfold with I/O region injected outside for bonding. Blue and green dots: nanodevice and 
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(Continued) I/O pads; yellow: metal line encapsulated in polymer; red: supporting 

polymer; blue: solution.    

 

In our design, the width of ribbons in the network is typically 5 – 40 µm, the total 

thickness is less than 800 nm and the size of unit cells is several hundred micrometers 

(Fig. 5-1). Figure 5-7a shows a 3D reconstructed confocal fluorescence image of a 

representative injection. 2-mm-wide syringe injectable electronics was injected through a 

glass needle with 95-µm inner diameters into aqueous phosphate buffer saline (PBS). 

This electronics has ribbons with feature size of 5 µm and thickness of 700 – 800 nm. 

The surface of electronics has been modified by poly-D-lysine (0.5-1.0 mg/mL, MW 

70,000 – 150,000) to make the surface of the electronics hydrophilic, allowing the 

electronics to be suspended in PBS solution. The stepwise process of this injection into 

free solution is shown in Figure 5-7b. Electronics was loaded into a glass tube (with 95 

um tip) by first connecting glass needle to a syringe via a plastic tube and drawn into the 

end of glass needle. Glass needle was then detached from the syringe and then mounted 

onto a commercially available patch-clamp system. Microinjector (ALA Scientific 

Instruments) or manually controlled syringe is connected to the glass needle to apply 

sufficient pressure (1 bar, 1-10 ms) for injection.  
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Figure 5-7 Stepwise injection. a, 3D reconstructed fluorescence image shows the 

electronics are injected out from needle (blue dashed box) and subsequently self-unfolded 

in the solution. b, Images show that electronics are stepwise injected into solution by 

glass needle with diameter of 90 um. Electronics was pushed to the tip of needle (I), 

electronics was partially injected out (II), 50% area of whole electronics was injected out,  

with partially unfolded mesh structure near needle region (III) corresponding to the 

region highlighted by blue dashed box in (c), and completely unfolded mesh structure 

(IV) corresponding to the region highlighted by white dashed box in (a).  
 

Using the microinjector, we are able to inject electronics out gradually from 

needle with the electronics being displaced from the needle by 5 – 10 µm per injection, 

with less than 100 nL solution in each injection (Fig. 5-8). The injected region of 

electronics gradually unfolds in solution to reduce the surface energy and internal strain. 

We are able to control the injection process such that only the region of electronics 

containing the nanodevices is injected into the target system whereas the metal contact 

and I/O region is injected outside for external control. Anisotropic conductive film (ACF) 

was used in our study to bond the I/O pads of electronics with external set-ups (Fig. 5-4). 
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Figure 5-8 Control of injection process. a, Optical images of a typical device during 

injection process. (I-VI) The device is gradually injected into free solution by micro-

injector with 1 bar pressure, 10 ms pulse (before blue dashed line in b) and 50 ms pulse 

(after blue dashed line in (b)) injection time for each step. b, The injected length of 

device vs. number of injection. Blue arrow (I-III) corresponding to images (I-III) in a. 

Blue arrow (IV-VI) corresponding to images (IV-VI) in (a).    

 The relationship between the yield of injection and the electrical performance of 

electronics to the inner diameter of needle was evaluated by injection through 

conventional metal gauge needle in PBS solution (Fig. 5-9). The average yield of 

injection for nanowire electronics ranges from 98% with needle diameter larger than 600 

um to 83% with needle diameter of 100 um. Less than 12% conductance change in 

average has been observed after injection. The average yield of injection for metal 

electrode ranges from 90% to 98%. Less than 10% conductance change in average has 
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been observed after injection. Altogether, these results demonstrate the success of the 

injection of mesh electronics without hindering the integrity and performance of the 

electronics. Several design factors are very important to the success of injection: (1) the 

nanometer-thickness and mesh design increase the surface-to-volume ratio of electronics 

from 0.2 µm
-1

 for typical 10-µm-thick thin film electronics to 3.25 µm
-1

 for 5-µm-wide 

ribbon mesh electronics so that (a) with polyelectrolyte surface charge modifications, it 

can reduce the effective density of electronics (due to the forming of electric double 

layers) making electronics suspended in solution, and (b) it can also increase the drag 

force of solution motion to electronics making electronics be readily displaced by 

solution motion to enable injection. (2) the nanometer-thickness and mesh layout together 

(a) reduce the effective bending stiffness of electronics from 0.0602 nN·m for a thin-film 

electronics with the same thickness, to 0.0025 nN·m for the mesh electronics so that it 

can be readily bent and injected into needles, (b) reduce the strain in the device during 

injection, and (c) reduce the total volume of electronics to allow electronics to go through 

a small diameter needle.  

 

Figure 5-9 Yield of injection. a, Yield (blue) and impedance change (red) of electronics 

containing metal electrode injected through different gauge needles inset: bright field 

image of metal electrode on mesh electronics. b, Yield (blue) and conductance change 

(red) of electronics containing nanowire field-effect transistor injected through different 

gauge needles. Solid spot: 5 mm wide mesh, hollow spot: 2 mm wide mesh. Inset: bright 
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(Continued) field image of nanowire FET (highlighted by green arrows) on mesh 

electronics. Scale bar: 10 um.  

5.3.2 Parameters for syringe injectable electronics 

To further understand the structure design parameters for injection, we carried out 

imaging experiments using confocal fluorescence imaging to 3D reconstruct the structure 

of injectable electronics inside the glass needle. A glass tube was pulled into a fluidic 

channel (Fig. 5-10a), with the same geometry and inner diameter as the metal and glass 

needle used for applications, which allows the electronics to be injected through for 

imaging. The channel inner diameter is 200 – 600 µm measured by confocal fluorescence 

imaging and the length is 0.1 – 0.5 mm. Electronics with different structure was injected 

through the tube region into channel by syringe. SU-8 of electronics was doped by 

Rodamine-6Gfor imaging and 3D reconstruction for analysis.  

We call the ribbons along the injection direction as longitudinal ribbons and the 

ribbons perpendicular to the injection direction as transverse ribbons. Longitudinal and 

transverse ribbons together form mesh with a periodic unit cells structure. All the unit 

cells are identical in our design. Metal connections and nanodevices are mainly 

encapsulated in longitudinal ribbons (Fig. 5-10b). The ribbons in our design for imaging 

experiments are 20-µm-wide and 700-nm-thick for SU-8 and 10-µm-wide and 100-nm-

thick for metal. Different width of mesh was used for investigating the limitation because 

wider electronics allow sensing units to cover a larger area. All the mesh have a  sharp tip 

of 45º, which guarantees that they can be loaded into needles at the same tip point (Fig. 

5-10b). Two different meshes with different unit cell geometries have been used here to 

investigate the injection. In design #1, the transverse ribbons are tilted 45° 

counterclockwise in transverse direction on the mesh plane forming 45° angle to 
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longitudinal ribbons. In design #2, the transverse ribbons are perpendicular to the 

longitudinal ribbons to form an orthogonal mesh (α=0º). Figure 5-10 c-e show optical 

micrographs, 3D-reconstructed and cross-section images of assembled structures for each 

mesh in the glass channel. Firstly, 5-mm-wide mesh with #1 design structure can be 

smoothly injected through a channel with ca. 500-µm-inner-diameter (Fig. 5-10c, I). The 

3D-reconstructed image shows that mesh has been rolling into a tubular structure inside 

the channel, which keeps the longitudinal ribbons straight and makes the transverse 

ribbon bended (Fig. 5-10d, I). The cross-section image of 3D reconstruction further 

confirms the tubular structure, illustrating that all of the ribbons are closely and uniformly 

packed close to the inner surface of glass channel. The other half of mesh in the bottom 

part of the needle is blocked from imaging by the dense ribbons on the top part of 

channel. Secondly, reducing channel’s inner diameter does not affect the assembled 

structure of mesh in the needle. The same mesh can be injected smoothly in through 200-

µm-inner-diameter channel (Fig. 5-10c, II). The 3D-reconstructed and cross-section 

images further demonstrate the tubular structure of mesh in the needle and closed packed 

ribbons to the inner wall of channel (Fig. 5-10d, II and 5-10e, II). Thirdly, increasing the 

width of mesh can also allow the mesh to be smoothly injected through channels. As a 

representative example, 15-mm-wide mesh can be injected through the channel with an 

inner diameter of ca. 500 µm (Fig. 5-10c, III). The width-to-inner-diameter ratio is ca. 

30. The 3D-reconstructed and cross-section images (Fig. 5-10d, III and 5-10e, III) again 

show the tubular structure of mesh in the channel and closed packed ribbons to the inner 

wall of channel. Importantly, although the density of ribbon has been greatly increased, 

the longitudinal ribbons still remain straight during injection. Fourthly, as control sample, 
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we found that the mesh with #2 design could not be injected through the channel with 

500-µm inner diameter. Different with the regularly tubular structure formed by design 

#1, a 10-mm-wide mesh forms a jammed structure caused by ribbons entanglement 

blocking the channel (Fig. 5-10c, IV). 3D-reconstructed and cross-section imaging 

further shows the ribbons entangled together buckles (Fig. 5-10d, IV and 5-10e, IV), 

which fulfills the whole channel. It is very important to keep the longitudinal ribbons 

straight during injection to avoid (1) the high-strain deformation to the electronics 

damaging device and (2) buckling of the longitudinal ribbons. Buckling of the 

longitudinal ribbons can dramatically decrease the stiffness of the structure in the 

longitudinal direction
30

, and therefore, collapsing of the longitudinal ribbons rather than 

bending of the transverse ribbons becomes preferential, causing large strain and damages 

of the device and even blocking the needle for further injection. 



132 

 

 

Figure 5-10 Parameters for injection. a, Schematic shows the structure of the pulled 

glass tube for testing and imaging the structure of different electronics design in the 

needle. Red arrow indicates the direction of injection. b, Schematics of design for 

injection. The dashed black circles highlight the detailed structure where red represents 

supporting and passivation polymer and yellow represents metal lines. c, Optical images 

of different electronics design injected through glass needle. (I-II) 5 mm wide meshes as 

design in (b, I) were injected through 450 um and 250 um ID glass needle; (III) 15 mm 

wide mesh as design in (b, I) was injected through 450 um ID needle. (V) 10 mm mesh 

as design in (b, II) was injected through 450 um ID needle. d, Top view of 3D 

reconstructed confocal images corresponding to (c). White arrows in c and d highlight 

metal contacts in the mesh. e, Images at cross-sections as indicated by white dashed lines 

in (c). White dashed curves in e highlight the cross-section of needle boundary.  
 

We believe that the different assemble structure of these two meshes in the 

channel and needle can be explained by the following. We define the bending stiffness 



133 

 

for mesh bent in longitudinal direction and transverse direction of injection as DL and DT 

respectively. Firstly, the orthogonal-transverse-ribbon design (design #2) leads to a non-

uniform distribution of effective bending stiffness DL. Considering the effective bending 

stiffness DL of different cross-sections, when the cross-section goes through the 

transverse ribbons, the bending stiffness is high (0.0602 nN·m), while when the cross-

section does not go through the transverse ribbons, the bending stiffness is very low 

(0.0025 nN·m). This dramatic bending stiffness change facilitates stress localization 

leading to the buckling of longitudinal ribbons. On the contrary, tilted-transverse-ribbon 

design (design #1) creates a uniform distribution of effective bending stiffness DL, 

therefore, the electronics can bend more homogeneously. Secondly, this tilted-transverse-

ribbon design decreases DT and increase DL so that the mesh is more readily to bend and 

roll-up into tubular structure going through the needle and less readily buckle in the 

longitudinal direction. 

 

Figure 5-11 Mechanical analysis for injection process. Bending stiffness in 

longitudinal and transverse direction of the mesh with change of ribbons angle in Figure 

5-1.   
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To further prove this idea, we conducted finite element modeling (FEM) analysis 

to simulate the bending stiffness for mesh bending in two directions. Notably, reducing 

the DT and increases DL is benefit to the injection process. Figure 5-1 is the schematic 

showing how to select unit cells from the periodic mesh structure for simulation. The 

relation of angle α that is between transverse ribbon and longitudinal ribbon to bending 

stiffness was investigated. The white dashed lines indicate the boundary for unit cells 

from mesh for simulation. We define effective bending stiffness of mesh as the stiffness 

required a homogenous beam to achieve the same bending under the same moment. 

Therefore, every unit cell has the same bending stiffness and we use a unit cell to 

calculate the effective bending stiffness of the structure from the simulations. The results 

(Fig. 5-11) show that increasing α from 0 to 60 º, DT decreases from 0.0036 to 0.0013 

nN·m and DL increases from 0.0051 to 0.0167 nN·m. The bending stiffness ratio between 

bending in transverse and longitudinal direction increases for 8.7 times (1.46 to 12.8). 

Altogether, those results show that increasing the tilted angle can significantly facilitate 

the rolling of electronics in the needle in transverse direction to form a tubular structure 

and prevent bending in the longitudinal direction that could lead to buckling and 

compression on same injection condition.  

We further do simulations to estimate the strain distribution in the electronics 

during injections in needles with different sizes. Since every unit cell behaves similarly, 

we only simulate the bending of a unit cell to the curvature of the needle. The inset of 

figure 5-5b shows one typical unit cell bending structure inside 200-µm diameter needle 

and color mode shows the contour plot of the maximal principle strain. The maximal 

value is reached on the junction between the transverse and longitudinal ribbons. 
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Simulation results (Fig. 5-5b) show the dependence of the maximal principal strain of the 

unit cell on the curvature of the needles 1/r, and a linear relation can fit the dependence. 

The two colors correspond to two different sizes of the mesh structures used for needle 

inner diameter larger or smaller than 200 µm. the two corresponding fitting relation are 

0.499/r and 0.473/r. For the needle diameter around 100 µm, the maximal principle strain 

can be extrapolated as 0.998% and 0.946% respectively, which are both smaller than the 

critical breaking strain of SU-8 for bulk materials. The stress intensity factor K for a thin 

film under pure bending has the following scaling relation
31

 , where E is the 

Young’s modulus of the material, and h is the thickness of ribbon. The ribbon breaks 

when K reaches the toughness of the material Kc. Kc is usually on the order of 100 

,
32

 and  for SU-8 is around 1 GPa. Therefore, for a device with thickness 

several hundred nanometers, the fracture strain εc is on the order of several percent. In 

fact, with our current structure, experiment demonstrates that SU-8 ribbon can sustain the 

bending with curvature larger than 0.1 µm
-1

 that corresponds to the curvature of 20-µm-

diameter needle.  

hEK ~



KPa m E
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Figure 5-12 Control experiments of thin film electronics in needle. a (I, II), Optical 

image shows 5-mm-wide thin film electronics was injected through 400-um inner 

diameter glass needle (I), and 1.5-mm-wide thin film electronics was injected through 

350-um inner diameter glass needle (II). Red arrow indicates the direction of injection. 

White arrows in (I) indicate the end of metal line to show the thin film cannot totally go 

through the needle. b (I, II), Top view of 3D reconstructed confocal images correspond 

to dashed box in (a). c (I, II), Images at cross-section as indicated by white dashed line in 

b. White dashed circle in (c) highlights the needle boundary.  

Last, we tested the injection by using thin film electronics with same thickness. 

Important, the thin film electronics cannot have a tubular structure inside needle (Fig. 5-

12a). Moreover, for ca. 400-µm inner diameter needle, only 1.5 mm thin film electronics 

can go through (Fig. 5-12b). These results further demonstrate the unique design of the 

mesh electronics for injection.  
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5.3.3 Inject electronic into soft matters 

To demonstrate that syringe injectable electronics can be injected with various 

mediums and materials into a cavity through a small injection site with subsequent 

geometrical restoration allowing the electronic sensor unit to cover a much larger area 

within the cavity (Fig. 5-6c). 15-mm-wide electronics containing nanowire strain sensors 

was mixed with pre-cured poly-dimethylsiloxane (PDMS)  (Down corp. Midland, USA) 

diluted in hexane and then injected through a 20-gauge (603 µm) needle into a cavity 

constituted by two pieces of cured PDMS (Fig. 5-13a) with the connections injected 

outside for bonding. The electronics within the cavity gradually unfolded, with the 

nanowire nanodevices fully separating from each other and covering the 15 mm x 20 mm 

area (Fig. 5-13 b and c). In addition, due to the flexibility of the injected electronics, it 

can unfold and cover the three-dimensional geometry in the cavity. Figure c, II shows 

Micro-CT three-dimensional reconstructed imaging of electronics unfolded and covered 

the step-like structure inside the PDMS cavity. 11 nanowire devices from the injected 

electronics were used as strain sensor. Their conductance change can be recorded from a 

point load in z-direction introducing a non-uniform strain distribution in PDMS (Fig. 5-

13d), which is consistent with our previous report
14

. This result proves that injected 

electronics can be used to measure strain distribution inside PDMS to the external 

mechanical deformation and demonstrate the injectable electronics can be used in 

materials and tissue interrogation with little damage to the target system. 
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Figure 5-13 Injectable electronics in PDMS. a and b, Optical images of PDMS cavity 

before injection (a) and the hybrid structure of injectable devices embedded in PDMS 

after injection (b). c, Schematic of electronics injected and cured in cavity of PDMS with 

I/O pads unfolded outside the cavity (I). Red, SU8; Yellow, metal/SU8; Blue, 

nanodevices. Micro-CT image (II) shows the zoomed-in structure highlighted by the 

black dashed box in (b) and (c, I). Pseudocolors are applied: Yellow, metal; Purple, 

PDMS. d, 11 nanowire devices response to point loading on the PDMS. The downward 

and upward pointing triangles denote the times when the strain was applied and released, 

respectively. The upward and downward arrows show the compressive and tensile 

strains, corresponding to the plus and minus change of conductance respectively.   

    

We have further extended this co-injection concept by demonstrating the injection 

of electronics in continuous biomaterials together with embryonic neural cells. (Fig. 5-

14). Embryonic rat hippocampal neurons were mixed with electronics and uncured 
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Matrigel
TM

 and subsequently injected into polymerized Matrigel
TM

 (Fig. 5-14a). 3D-

reconstructed confocal micrographs from two-week culture showed that neurons with 

high-density outgrowth neurites interpenetrating in the mesh structure of electronics, 

proving the biocompatibility of the electronics. It is noticeable that the width of ribbons 

was similar to the neurite projections, exhibiting seamless integration between them (Fig. 

5-14b).  

 

Figure 5-14 Inject electronics into gel. a, schematic of injection of electronics with 

neuron cells into Matrigel. Red, SU8; Yellow, metal/SU8; Blue, nanodevices; Green, 

neuron cells. b, Confocal fluorescence images of 100 um projection show the 

interpenetration between neurons and ribbons of injectable electronics after co-injected 

into matrigel for 14 days. Red: reflective image of mesh and green: beta-tubulin staining 

for neurons.  

5.3.4 Inject electronics into in-vivo system 

Based on our simulation, the DL of this injectable electronics is ca. 0.01 nNm, 

which is similar to the bending stiffness of tissue and its bending energy matches the 

surface membrane energy
26

 and significantly less than the stiffness of the conventional 

silicon probe and carbon fibers
24, 28

. In addition, our previous studies
8
 have demonstrated 

that the design of these macroporous structures has allowed for the growth of tissue 
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within the interior space. Together, injectable electronics is a great candidate for in-vivo 

chronic implants.  

We conducted the in-vivo chronic implantation experiments by stereotactically 

injecting electronics into rodent brain tissue with a 0.5 mm diameter drilled hole from 

craniotomy. The injection follows steps illustrated in Figure 5-15a and b. Specifically, 2-

mm-wide electronics was injected into the tissue-dense hippocampus region of the mice 

(Fig. 5-15c, I) through a ca. 200-um inner diameter glass needle controlled by 

microinjector, which allowed trace amount of solution (<1 uL) to be injected with 

electronics in each injection. Fluorescence imaging of coronally sliced brain tissue 

showed that the electronics unfolded after 5 weeks and settled into the hippocampus 

region with little interruption to the layered structure of neurons (Fig. 5-15d and e). 

Immunostaining imaging shows little proliferation of astrocytes around the electronics 

and the neurons appear to form tight junction with the outer surface of the injected 

electronics (Fig. 5-15f).  
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Figure 5-15 Injectable electronics in biological system. a, Schematic shows 

stereotactic injection of injectable electronics into in-vivo system. b, Optical image shows 

the stereotactic injection of injectable electronics into mice brain tissue. c, Schematics of 

coronal slices show that injectable electronics are injected into cerebral cortex (CTX) and 

hippocampus (HIP) region of brain (I), and the cavity of Lateral Ventricle (LV) beside 

caudoputamen region (CPu) and lateral septal nucleus (LSD) with unfolding (II). Red: 

mesh structure of injectable electronics, blue: nanodevices or metal electrodes on 

injectable electronics and yellow: I/O pads for electrical connections. Blue dashed lines 

indicate direction of horizontal slicing for imaging. d, Bright-field image of coronal slice 

in (c, I) shows the electronics was injected into the cortex and hippocampus region. Red 

dashed lines indicate the boundary of glass needle. e, Overlaid bright field and epi-

fluorescence image of white dashed box highlighted region in d. Blue: DAPI. White 

arrows indicate the different layers of cells in hippocampus. GrDG: granular layer dentate 

gyrus and CA3: field CA3 of hippocampus.  f, Projection of 30 um thick volume from the 

zoomed-in region by black dashed box in e shows neural cells interface with electronics. 

g, Projection of 100 um thick volume for the electronics injected into LV inside brain at 

the position indicated by blue dashed line in (c, II). Red dashed line highlights the 

boundary of unfolded mesh inside LV. Red circle indicates the size of the needle for 

injection. h, 3D render of the zoomed-in region highlighted by white dashed box in (g) 
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(Continued) shows the interface between nanoelectronics and subventricular zone. i, 3D 

render of the zoomed-in region highlighted by white  box in (g).  
 

 

To further demonstrate the potential of the geometrical restoration of the 

injectable electronics in cavity as well as its uniqueness for potential applications in cell 

therapy, we injected electronics into the cavity of the lateral ventricle to target the 

subventricular zone region because cells in this region have been proved to have 

capability of regeneration and long-distance migration
33

, and potential for neuronal 

replacement therapy
34-35

. The same electronics as above was stereotaxically injected into 

the lateral ventricle region through a 200-µm glass needle (Fig. 5-15c, II). Since the 

behavior of electronics in solution is similar to that of synthetic polymeric networks, we 

can continuously inject a relatively large amount of electronics into the lateral ventricle to 

ensure that injected electronics, when unfolding, can be in contact with the lateral 

ventricle wall. After 5 weeks, immunostaining of horizontal slice showed that electronics 

unfolded into a volume with 1.5-mm diameter covering the inner area of lateral ventricle 

and connecting to the lateral walls. Immunostaining shows that the ribbons from 

electronics in contact with the caudoputamen interpenetrate with cells merging into the 

astrocytic-characteristic tube-like structure (Fig. 5-15g-i)
33

. Control experiment from the 

same rodent shows same level of glial fibrillary acidic protein (GFAP) expression 

demonstrating little chronic tissue response to the electronics. Importantly, there is 

migration of neural outgrowth cells from both sides of the lateral ventricle into the 

interior space of the unfolded mesh in the cavity. Those cells formed high density and 

tight junctions on the ribbons of electronics in chain-structures, which followed the 

direction of ribbons from electronics (Fig. 5-16). These results together with the 

capability of electronics to monitor cellular electrophysiological and pharmacological 
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activity show a potential application to use injectable electronics to directly mobilize and 

monitor the adult stem neurons from lateral ventricle region to brain injury for therapy.  

 

Figure 5-16 Interface between electronics and tissue in in-vivo system. a, Projection 

of 30 um thick volume of slice shows the interface between electronics in in-vivo with 

subventricular zone (I) and 3D render of red dashed box highlighted zoomed-in region 

(II). b, Projection of 30 um thick volume of slice shows the interface between electronics 

in in-vivo with staria (I) and 3D render of red dashed box highlights zoomed-in region 

(II). Blue: DAPI, green: SU-8 and NeuN and red: GFAP. c, Control sample shows 

subventricular zone without device. d, Projection of 80 um thick volume for the region 

highlighted by white box in Fig. 5-15 g. Blue: DAPI, green: SU-8 ribbon and neurons 

and red: GFAP.   
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5.4 Conclusion 

  The methods and mechanical designs introduced here represent new concepts for 

electronics fabrication and delivery. The future potential development is to (1) increase 

the complexity of electronics while keeping its nanoscale-thickness to maintain the 

syringe injectable property, (2) investigate different materials as supporting materials for 

injectable electronics to achieve the subsequent dissolving of materials releasing the 

sensing unit inside the injected subject to allow those unit to behave like colloidal in the 

subject for better integration, (3) further develop a non-surgical implantation 

bioelectronics and (4) create cellular therapy by using injectable electronics as scaffold 

for stem cell delivery, mobilization and monitoring.  
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