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(57) ABSTRACT 

Devices are provided for controlled release of chemical 
molecules, Such as drugs or diagnostic agents. The devices 
comprises a Substrate; a plurality of discrete reservoirs 
located in the Substrate, wherein the reservoirs each have at 
least one opening at a Surface of the Substrate, chemical 
molecules, for release, disposed in the reservoirs, a ruptur 
able barrier layer closing the at least one opening, and a 
preSSure generating material disposed in the reservoirs, the 
preSSure generating material being Selected from the group 
consisting of water-SWellable materials, osmotic preSSure 
generating materials, and combinations thereof, wherein the 
chemical molecules can be Selectively released from each 
reservoir by rupturing of the barrier layer, due to preSSure 
generated by the pressure generating material. 
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DEVICE FOR RELEASE OF CHEMICAL 
MOLECULES USING PRESSURE-GENERATED 

RUPTURE OF RESERVOIRS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This is a continuation of U.S. application Ser. No. 
10/324,556, filed Dec. 19, 2002, which is a continuation of 
U.S. application Ser. No. 09/798,562, filed Mar. 2, 2001, 
which claims benefit of U.S. Provisional Application No. 
60/186,545, filed Mar. 2, 2000. These applications are 
incorporated herein by reference in their entirety. 

BACKGROUND OF THE INVENTION 

0002 This invention is in the field of miniaturized 
devices having reservoirs which contain Small devices or 
device components and/or chemicals. 
0.003 Microarray systems have been developed that ana 
lyze numerous compounds, Such as for drug activity or 
hybridization analysis of nucleotide molecule Sequences. 
For example, U.S. Pat. No. 5,843,767 to Beattie discloses a 
microfabricated, flow through "genosensors” for the discrete 
detection of binding reactions. The apparatus includes a 
nanoporous glass wafer having tapered wells in which 
nucleic acid recognition elements are immobilized. U.S. Pat. 
No. 6,083,763 to Balch discloses an apparatus for analyzing 
molecular structures within a Sample Substance using an 
array having a plurality of test sites upon which the sample 
Substance is applied. The test Sites typically are in micro 
plate arrays, Such as microtitre plates. These apparatuses, 
however, do not provide any means for Sealing one or more 
of the Wells or for Selectively exposing one or more of the 
Wells, for example, on demand or upon passive exposure to 
certain conditions. 

0004 U.S. Pat. No. 5,797,898 and No. 6,123,861 to 
Santini, et al. describe microchip devices that release drug 
molecules from reservoirs having reservoir caps that 
actively or passively disintegrate. It would be advantageous 
to adapt these devices for use in Sensing applications and for 
use in initiating or measuring chemical reactions in a micro 
Scale area or Volume at Specific points in time. 
0005 U.S. Pat. No. 5.252,294 to Kroy discloses micro 
mechanical Structures having closed cavities for use in 
Storage and handling of Substances, for example, in research 
and testing of the Substances. There is no disclosure, how 
ever, of Selectively controlling exposure of individual cavi 
ties without microvalves, nor is there any disclosure of 
isolating individual Sensing means. 
0006. It would be desirable to provide miniaturized 
devices for use in initiating and controlling chemical reac 
tions, analyses, or measurements in a micro-Scale area or 
Volume, at Specific points in time. It would also be desirable 
to provide methods of making and using Such miniaturized 
devices. 

SUMMARY OF THE INVENTION 

0007 Microchip devices are provided to store and protect 
chemicals and Smaller, Secondary devices from environmen 
tal exposure until Such time as exposure is required, for 
example, to initiate a chemical reaction and/or to perform an 
analysis or Sensing function. In one embodiment, the micro 
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chip device includes a Substrate having a plurality of reser 
voirs which contain the Secondary device, and at least one 
barrier layer covering each reservoir to isolate the Secondary 
device from one or more environmental components outside 
the reservoirs. The barrier layer can be selectively disinte 
grated or permeabilized to expose the Secondary device to 
the one or more environmental components. The Secondary 
device preferably includes a Sensor or Sensing component, 
for example, a biosensor, or a light detection or imaging 
device, Such as an optical fiber. In one variation, the micro 
chip device further includes a reacting component, Such as 
catalyst or reagent, in one or more reservoirs. Alternatively, 
the Sensor or Sensing component can be attached to the 
Substrate outside of the reservoir while a reservoir contains 
a reacting component. 

0008. In another embodiment, the microchip device 
includes a Substrate having a plurality of reservoirs which 
contain a reacting component, and at least one barrier layer 
covering each reservoir to isolate the reacting component 
from one or more environmental components outside the 
reservoirs. The barrier layer can be Selectively disintegrated 
or permeabilized to expose the reacting component to the 
one or more environmental components. In a preferred 
variation, the reacting component is a catalyst or enzyme 
that remains immobilized in the reservoir even after expo 
Sure to the environmental components. In Some embodi 
ments, Swellable materials and osmotic pressure generating 
materials can be incorporated into reservoirs for use in 
generating pressure forces effective to rupture the barrier 
layer. 
0009. The microchip device is used to protect chemicals 
and devices from exposure to the Surrounding environment 
until the exposure is desired, which is particularly useful 
when the chemicals or devices within the reservoir are 
Sensitive to environmental conditions, for example, when 
the devices fail or materials foul following prolonged expo 
Sure to the environment. In one embodiment, an easily 
fouled catalyst used to initiate a desired heterogeneous 
chemical reaction is Sealed inside a reservoir of a microchip 
device to protect it from the surrounding environment. When 
it is desired to initiate the reaction, the barrier layer on the 
reservoir is removed or made permeable. The reagents for 
the reaction present in the Surrounding environment pass 
into the reservoir (e.g., by diffusion), contact the catalyst, 
react at the catalyst Surface, and the products pass out of the 
reservoir. This heterogeneous reaction continues until the 
reagents are exhausted or the catalyst becomes fouled. This 
process may be repeated numerous times by opening addi 
tional reservoirs and exposing fresh catalyst. 
0010. In another embodiment, the microchip device 
includes one or more Sensors that are located inside each 
reservoir. The Sensors are protected from the environment 
until the barrier layer is removed or made permeable. Once 
the barrier is removed or made permeable, the Sensors can 
detect the presence and/or quantity of molecules or the 
conditions in or near one or more reservoirs. Such Sensors 
can be used, for example, in controlling and monitoring the 
release of molecules from other chemical release devices or 
the release of chemicals from reservoirs in the same device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011 FIGS. 1A-C are cross-sectional diagrams showing 
various embodiments of a Single reservoir of the device, 
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having a barrier layer over the reservoir and on top of the 
substrate (FIG. 1A), a barrier layer within the opening of the 
reservoir (FIG. 1B), and a combination thereof in a device 
having two substrate portions bonded together (FIG. 1C). 

0012 FIGS. 2A-C are cross-sectional diagrams showing 
a device having a reservoir covered by a Semi-permeable 
barrier layer which permits passage of molecule Ainto or out 
of the reservoir (FIG. 2A), wherein the reservoir initially is 
covered by another, impermeable barrier layer (FIG. 2B) 
until the barrier layer is selectively removed (FIG. 2C). 

0013 FIGS. 3A-B are cross-sectional diagrams of two 
embodiments of an optical Sensing device, wherein the 
device includes an optical fiber inside (FIG. 3A) or outside 
and over (FIG. 3B) a single reservoir covered by a semi 
permeable barrier layer which permits passage of molecule 
A into or out of the reservoir. 

0.014 FIGS. 4A-B are cross-sectional diagrams illustrat 
ing a device having a reservoir containing both a Sensor and 
a chemical reagent, with an intact (FIG. 4A) and partially 
removed (FIG. 4B) impermeable barrier layer. 
0.015 FIGS. 5A-B are cross-sectional diagrams illustrat 
ing a device having one reservoir which contains a Sensor 
and another reservoir which contains a chemical reagent, 
with an intact (FIG. 5A) and partially removed (FIG. 5B) 
impermeable barrier layers over the reservoirs. 

0016 FIG. 6 is a cross-sectional diagram illustrating a 
device having a reservoir containing a chemical reagent and 
a Sensor located on the Substrate outside of the reservoir. 

0017 FIG. 7 is a process flow diagram illustrating one 
embodiment for controlling and communicating with Sen 
Sors located in reservoirs of a microchip device. 

0.018 FIGS. 8A-B are cross-sectional diagrams illustrat 
ing a device having a reservoir containing a catalytic mate 
rial, with the intact barrier layer impermeable to reactant A 
(FIG. 8A) and the barrier layer partially removed and 
permitting reactant A to contact the catalytic material to 
yield product B (FIG. 8B). FIGS. 8C and 8D are diagrams 
illustrating optional elements which can be incorporated into 
the reservoirs to control the catalytic reactions, Such as 
resistive heaters (FIG. 8C) and polarizable electrodes (FIG. 
8D). 
0.019 FIGS. 9A-B are cross-sectional diagrams illustrat 
ing a device having a reservoir containing an immobilized 
enzyme, with the intact barrier layer impermeable to reactant 
A (FIG. 9A) and the barrier layer partially removed and 
permitting reactant A to contact the immobilized enzyme to 
yield product B (FIG. 9B). 

0020 FIG. 10 is a cross-sectional diagram of one 
embodiment of a device utilizing osmotic pressure forces 
generated within a first reservoir to rupture a barrier layer 
covering a Second, nearby reservoir. 

0021 FIGS. 11 A-B are cross-sectional diagrams illus 
trating a device having a barrier layer covering a reservoir 
that contains both an osmotic pressure generating material 
and a chemical to be released (FIG. 11 A), and the rupture 
of the barrier layer due to a pressure differential produced by 
osmotic forces (FIG. 11B). 
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0022 FIGS. 12A-D are cross-sectional diagrams show 
ing reservoirs having complex reservoir shapes, which can 
be made, for example, by utilizing wafer or other Substrate 
bonding methods or by adapting Silicon-on-insulator (SOI) 
fabrication methods. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0023 Microchip devices are provided that store and 
protect reacting components and Secondary devices from the 
environment for a period of time until exposure to the 
environment is desired. The microchip devices, which pro 
vide for the Selective or controlled exposure of these con 
tents, include a plurality of reservoirs, the contents of which 
are completely or partially isolated until it is desired to 
expose a reacting component or Secondary device in the 
reservoir to the environment, or a portion thereof, outside of 
the reservoir. The devices are designed to restrict, enhance, 
or otherwise control the passage of molecules or energy into 
(or out of) the reservoirs. These functions are accomplished 
by covering at least one opening of each reservoir of the 
microchip device by at least one barrier layer. 
0024. As used herein, a “microchip” is a miniaturized 
device fabricated using methods commonly applied to the 
manufacture of integrated circuits and MEMS (MicroElec 
troMechanical Systems) such as ultraviolet (UV) photoli 
thography, reactive ion etching, and electron beam evapo 
ration, as described, for example, by Wolf & Tauber, Silicon 
Processing for the VLSI Era, Volume 1-Process Technol 
ogy (Lattice Press, Sunset Beach, Calif., 1986); and Jaeger, 
Introduction to Microelectronic Fabrication, Vol. V in The 
Modular Series on Solid State Devices(Addison-Wesley, 
Reading, Mass., 1988), as well as MEMS methods that are 
not standard in making computer microchips, including 
those described, for example, in Madou, Fundamentals of 
Microfabrication (CRC Press 1997) and micromolding and 
micromachining techniques known in the art. The microchip 
fabrication procedure allows the manufacture of devices 
with primary dimensions (length of a side if Square or 
rectangular, or diameter if circular) ranging from less than a 
millimeter to Several centimeters. A typical device thickness 
is 500 lum. However, the thickness of the device can vary 
from approximately 10 um to Several millimeters, depending 
on the device's application. Total device thickness and 
reservoir Volume can also be increased by bonding or 
attaching additional Silicon waferS or other Substrate mate 
rials to the fabricated microchip device. In general, changing 
the device thickness affects the volume of each reservoir and 
may affect the maximum number of reservoirs that may be 
incorporated onto a microchip. In Vivo applications of the 
device typically require devices having a primary dimension 
of 3 cm or Smaller for Subcutaneous implantation, but may 
be up to Several centimeters for peritoneal or cranial implan 
tation. Devices for in Vivo applications are preferably Small 
enough to be Swallowed or implanted using minimally 
invasive procedures. Smaller in vivo devices (on the order of 
a millimeter) can be implanted using a catheter or other 
injection means. Microchip devices that remain outside of 
the body, but that are used in a System for in Vivo applica 
tions (e.g., Sensing following extraction of a sample of 
biological fluid), have much fewer size restrictions. Devices 
for in vitro applications also have fewer Size restrictions and, 
if necessary, can be made much larger than the dimension 
ranges for in Vivo devices. 
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0.025 I. Device Components and Materials 
0026. Each microchip device includes a substrate having 
reservoirs containing a reacting component or Secondary 
device, wherein at least one opening of each reservoir is 
covered by a barrier layer that protects the contents from one 
or more components of the Surrounding environment. 
Examples of these environmental components include 
chemicals, water, biological fluids, cells, molecules, and one 
or more forms of energy, Such as light or heat. 

0.027 FIGS. 1A-C illustrate a cross-sectional view of 
various embodiments of microchip device 10 comprising 
Substrate 12, reservoir 14, backing plate 16, and barrier layer 
18. In the embodiment of FIG. 1C, the Substrate is com 
posed of Substrate portions 12a and 12b, and the microchip 
device further includes semi-permeable barrier layer 20. It 
should be noted that the backing plate is typically utilized 
only in device embodiments produced by a proceSS in which 
reservoirs are formed from a hole that passes completely 
through the Substrate. The backing plate essentially can be 
any impermeable plate or layer of rigid or flexible material 
that Serves the Sealing function. 
0028. The microchip devices may be classified as passive 
devices, in which the permeability of the barrier layer 
changes without any user intervention, or active devices, in 
which the device controller initiates an action which renders 
the barrier layer permeable. Active devices may include 
control circuitry, memory, and a power Source, and may be 
operable using wireless or remote communication, control, 
and data and power transmission. 
0029 A. The Substrate 
0030 The substrate contains the reservoirs and serves as 
the Support for the microchip. Any material which can Serve 
as a Support, which is Suitable for etching or machining or 
which can be cast or molded, and which is impermeable to 
the contents of the reservoir and to the Surrounding envi 
ronment (e.g., water, blood, electrolytes, other Solutions, or 
air) may be used as a Substrate. Examples of Suitable 
Substrate materials include ceramics, glasses, certain metals, 
Semiconductors, and degradable and non-degradable poly 
merS. Biocompatibility of the Substrate material is preferred, 
but not required. For in Vivo applications, non-biocompat 
ible materials may be encapsulated in a biocompatible 
material, Such as poly(ethylene glycol) or polytetrafluoro 
ethylene-like materials, before use. A few examples of 
Strong, non-degradable, easily etched Substrates that are 
impermeable to the molecules or Secondary devices con 
tained in the reservoirs and to the Surrounding fluids are 
Silicon, glass, and titanium. In another embodiment, the 
Substrate is made of a Strong material that degrades or 
dissolves over a period of time into biocompatible compo 
nents. This embodiment is preferred for in Vivo applications 
where the device is implanted and physical removal of the 
device at a later time is not feasible or is difficult, for 
example, brain implants. An example of a class of Strong, 
biocompatible materials is the poly(anhydride-co-imides) 
described in Uhrich et al., “Synthesis and characterization of 
degradable poly(anhydride-co-imides)',Macromolecules, 
28:2184-93 (1995). 
0031. The substrate can be formed of only one material or 
can be a composite or multi-laminate material, e.g., two or 
more substrate portions can be bonded together (see FIGS. 
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12A-C, described below). Multi-portion substrates can be 
formed of the same or different materials, including for 
example, Silicon, glasses, ceramics, Semiconductors, metals, 
and polymers. Two or more complete microchip devices also 
can be bonded together to form multi-portion Substrate 
devices (see FIG. 12D). 
0032 B. Secondary Devices and Reacting Components 
0033. The reservoirs contain secondary devices, reacting 
components, or combinations thereof, that need to be pro 
tected from Surrounding environmental components until 
their exposure is desired. 
0034) Secondary Devices 
0035. As used herein, unless explicitly indicated other 
wise, the term "secondary device' includes, but is not 
limited to, any device and component thereof which can be 
located in or designed to operably communicate with one or 
more reservoirs in a microchip device. In a preferred 
embodiment, the Secondary device is a Sensor or Sensing 
component. AS used herein, a “sensing component' 
includes, but is not limited to, a component utilized in 
measuring or analyzing the presence, absence, or change in 
a chemical or ionic Species, energy, or one or more physical 
properties (e.g., pH, pressure) at a site. 
0036) The secondary device can be integrated within each 
reservoir or placed in close proximity to the reservoirs. 
Secondary devices may comprise a complete device or 
System or may be one component of a larger or more 
complex device. In One embodiment, a Sensor present inside 
a reservoir remains isolated from the Surrounding environ 
ment until the permeability of the reservoir's barrier layer is 
altered. When it is desired to use the sensor, the barrier layer 
is removed or made permeable. The molecules to be 
detected that are present in the Surrounding environment 
diffuse into the reservoir and interact with the sensor. In 
another embodiment, a light detection or imaging device 
(e.g., optical cell, CCD chip, etc.) is located in a Sealed 
reservoir until it is desired to detect an optical Signal or 
capture an image. The barrier is removed or made permeable 
So that light energy can pass through to the optical device 
located in the reservoir. 

0037 Microchip devices also can store and expose any 
combination of chemicals and devices. For example, each 
reservoir can contain a different chemical or molecule for 
release. In one embodiment, devices can be placed outside 
of, but in close proximity to Several chemical release res 
ervoirs, in order to monitor when a chemical is released from 
a particular reservoir. In another embodiment, the chemical 
contained in the reservoir is an enzyme catalyst, glucose 
oxidase, which is used in Some glucose Sensing devices. It 
is also understood that multiple devices having completely 
different functions can be placed inside or near each reser 
voir of a microchip device. For example, in one embodi 
ment, three Sensors for detecting and quantifying three 
molecules can be located in the same reservoir, while three 
completely different Sensors for detecting three different 
molecules can be placed in a neighboring reservoir. Alter 
natively, a Single device may be comprised of three com 
ponents, each of which is located in a different reservoir. 
With this technology, a microchip has the ability to selec 
tively expose each chemical, device, or device component to 
the environment outside of the reservoir and to vary the 
number and type of chemicals and devices associated with 
each reservoir. 
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0.038. In a preferred embodiment, the secondary device is 
a Sensor. Types of Sensors that can be contained within or 
provided near a reservoir include biosensors, chemical Sen 
Sors, physical Sensors, or optical Sensors. Preferred Sensors 
measure properties Such as biological activity, chemical 
activity, pH, temperature, pressure, optical properties, radio 
activity, and electrical conductivity. These may be discrete 
Sensors (e.g., "off-the-shelf sensors) or Sensors integrated 
into the Substrate. BioSensors typically include a recognition 
element Such as an enzyme or antibody. The transducer used 
to convert the interaction between the analyte and recogni 
tion element into an electronic Signal may be, for example, 
electrochemical, optical, piezoelectric, or thermal in nature. 
Representative examples of biosensors constructed using 
microfabrication methods are described in U.S. Pat. Nos. 
5,200,051, 5,466,575; 5,837,446; and 5,466,575 to Cozzette, 
et al. 

0.039 There are several different options for receiving 
and analyzing data obtained with devices located in the 
microchip devices. First, the output signal from the device 
can be recorded and Stored in writeable computer memory 
chips. Second, the output signal from the device can be 
directed to a microprocessor for immediate analysis and 
processing. Third, the Signal can be sent to a remote location 
away from the microchip. For example, a microchip can be 
integrated with a radio transmitter in order to transmit a 
Signal (e.g., data) from the microchip to a computer or other 
remote receiver Source. The microchip can also be con 
trolled using the same transmission mechanism. Power can 
be Supplied to the microchip locally by a microbattery or 
remotely by wireleSS transmission. 
0040. Reacting Components 
0041 AS used herein, unless explicitly indicated other 
wise, the term “reacting component' includes any chemical 
Species which can be involved in a reaction, including, but 
not limited to, reagents, catalysts, including enzymes, met 
als, and Zeolites, proteins, nucleic acids, polysaccharides, 
polymers, cells, as well as organic or inorganic molecules, 
including diagnostic agents. 

0042. The reacting component contained within a reser 
voir may be present in any form (e.g., Solid, liquid, gel, or 
vapor). They may be present in the reservoir in pure form or 
as a mixture with other materials. For example, the chemi 
cals may be in the form of Solid mixtures, Such as amorphous 
and crystalline mixed powders, porous or nonporous mono 
lithic Solid mixtures, and Solid interpenetrating networks, 
liquid mixtures or Solutions, including emulsions, colloidal 
Suspensions, and Slurries, and gel mixtures, Such as hydro 
gels. When the barrier layer is removed from a reservoir, the 
chemicals inside the reservoir can remain in the reservoir or 
can be released from the reservoir. 

0043. In one embodiment wherein the chemicals remain 
in the reservoir, the chemicals are Zeolites used for a 
heterogeneous reaction. When the barrier layer is removed, 
the reagents diffuse into the reservoir to react at the Surface 
of the Zeolite catalyst, which remains in the reservoir. In one 
embodiment wherein the chemicals are released from the 
reservoir, molecules originally contained in the reservoir are 
released from the reservoir in vitro where the controlled 
release of a Small (milligram to nanogram) amount of one or 
more molecules in a particular Sequence is desired, for 
example, in the fields of analytic chemistry or medical 
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diagnostics. Chemicals released in Such a way can be 
effective as pH buffering agents, diagnostic agents, and 
reagents in complex reactions Such as the polymerase chain 
reaction or other nucleic acid amplification procedures. 
0044) D. Barrier Layer 
0045. At least one opening of each reservoir of the 
microchip device is covered by a barrier layer, which 
Separates (i.e. isolates) the contents of the reservoir from the 
Surrounding environment or from portions thereof. The 
barrier layer can be impermeable, permeable, or Semi 
permeable to molecules or energy (e.g., light or electric 
field). The permeability of the barrier layer to molecules or 
energy can be actively controlled by the Selective, real-time 
removal of all or part of the barrier layer by, for example, an 
applied Stimulus (e.g., electric field or current, magnetic 
field, change in pH, or by thermal, photochemical, chemical, 
electrochemical, or mechanical means) or can be passively 
controlled by the barrier layer's Structure, composition, or 
method of fabrication. For example, the passage of mol 
ecules or energy into each reservoir of a device can be 
controlled by diffusion (e.g., through a Solid cap material, a 
nanoporous material, or a microporous material), osmotic 
preSSure, ionic gradients, electric fields or currents, capillary 
forces, or Surface tension. 
0046) The barrier layer can multi-layered. It can include 
a membrane, a reservoir cap, a plug, a thick or thin Solid or 
Semi-solid film, a two-phase interface (i.e. Solid-liquid, 
liquid-liquid, or liquid-gas), or any other physical or chemi 
cal Structure Suitable for Separating the contents of a reser 
voir from the environment outside of the reservoir. It gen 
erally is Self-Supporting acroSS the reservoir opening. 
Selectively removing the barrier layer or making it perme 
able will then “expose” the contents of the reservoir to the 
environment (or Selected components thereof) Surrounding 
the reservoir. 

0047. In preferred embodiments, the barrier layer can be 
Selectively disintegrated or permeabilized. AS used herein, 
the term “disintegrate” is used broadly to include without 
limitation degrading, dissolving, rupturing, fracturing or 
Some other form of mechanical failure, as well as a loSS of 
Structural integrity due to a chemical reaction or phase 
change, e.g., melting, in response to a change in tempera 
ture, unless a specific one of these mechanisms is indicated. 
As used herein, the term “permeabilization” includes with 
out limitation any means of rendering the barrier layer 
porous or permeable in an amount effective to permit one or 
more species of molecules or forms of energy to pass in 
either direction through the barrier layer. Puncturing of the 
barrier layer, Such as by injecting a needle through the 
barrier layer into the reservoir, generally is not a preferred 
means of permeabilizing or disintegrating the barrier layer. 
0048. In passive devices, the barrier layer is formed from 
a material or mixture of materials that degrade, dissolve, or 
disintegrate over time, or do not degrade, dissolve, or 
disintegrate, but are permeable or become permeable to 
molecules or energy. Barrier layer materials for passive 
microchips are preferably polymeric materials, but barrier 
layers can also be made of non-polymeric materials Such as 
porous forms of metals, Semiconductors, and ceramics. 
Representative examples of passive Semiconductor barrier 
layer materials include nanoporous or microporous Silicon 
membranes. Materials can be Selected for use as barrier 
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layers to give a variety of permeabilities or degradation, 
dissolution, or disintegration rates. To obtain different delay 
times (time required for the barrier layer to become perme 
able and “expose' the reservoir contents) using polymeric 
embodiments, barrier layers can be formed of different 
polymers, the Same polymer with different thicknesses, 
degrees of crosslinking, or an ultra-violet (UV) light poly 
merizable polymer. In the latter case, varying the exposure 
of this polymer to UV light results in varying degrees of 
crosslinking and gives the barrier layer different diffusion 
properties (i.e. permeabilities) or degradation, dissolution, 
or disintegration rates. Another way to control the time at 
which the barrier layer becomes permeable is by using one 
polymer, but varying the thickness of that polymer. Thicker 
films of Some polymerS result in a delay in the time to barrier 
layer permeability. Any combination of polymer, degree of 
crosslinking, or polymer thickness can be modified to obtain 
a specific delay time. In one embodiment, the reservoir is 
covered by a degradable barrier layer that is nearly imper 
meable to the molecules of interest. The time to initiation of 
exposure of the reservoir contents will be limited by the time 
necessary for the barrier layer material to degrade. In 
another embodiment, the barrier layer is non-degradable and 
is permeable to specific molecules or types of energy (e.g., 
light) in the environment. The physical properties of the 
material used, its degree of crosslinking, its porosity, and its 
thickneSS will determine the time necessary for the mol 
ecules or energy to diffuse or pass through the barrier layer. 
0049. In active devices, the barrier layer can include any 
material that can be disintegrated or permeabilized in 
response to an applied stimulus (e.g., electric field or cur 
rent, magnetic field, change in pH, or by thermal, chemical, 
electrochemical, or mechanical means). In a preferred 
embodiment, the barrier layer is a thin metal (e.g., gold) 
membrane and is impermeable to the Surrounding environ 
ment (e.g., body fluids or another chloride containing Solu 
tion). Based on the type of metal and the Surrounding 
environment, a particular electric potential (e.g., +1.04 volts 
VS. a Saturated calomel reference electrode) is applied to the 
metal barrier layer. The metal barrier layer oxidizes and 
dissolves by an electrochemical reaction, "exposing the 
contents of the reservoir to the Surrounding environment. In 
addition, materials that normally form insoluble ions or 
oxidation products in response to an electric potential can be 
used if, for example, local pH changes near the anode cause 
these oxidation products to become Soluble. Examples of 
Suitable barrier layer materials include metals Such as cop 
per, gold, Silver, and Zinc, and Some polymers, as described, 
for example, in Kwon et al., Nature, 354:291-93 (1991); and 
Bae et al., ACS Symposium Series, 545: 98-110 (1994). In 
another embodiment, the barrier layer is a polymer with a 
melting point slightly above room temperature. When the 
local temperature near the polymer barrier layer is increased 
above the polymer's melting point by thin film resistors 
located near the barrier layer, the barrier layer melts and 
exposes the contents of the reservoir to the Surrounding 
environment. 

0050 Any combination of passive or active barrier layers 
can be present in a single microchip device. Passive and 
active barrier layers can also be combined to form a multi 
laminate or composite barrier layer. In one Such embodi 
ment, an impermeable, active barrier layer can be placed on 
top of a permeable, passive barrier layer. When it is desired 
to expose the contents of the reservoir to the Surrounding 
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environment, the impermeable, active barrier layer is 
removed by the application of a Stimulus, Such as an electric 
current. After the removal of the active barrier layer, the 
passive layer Still remains over the reservoir. The passive 
barrier layer is permeable to the molecules in the Surround 
ing environment. However, the rate at which molecules pass 
through the passive barrier layer was pre-determined during 
device fabrication by the choice of the material used for the 
passive barrier layer, its thickness, and its other physical and 
chemical properties. 
0051 E. Device Packaging, Control Circuitry, and Power 
Source 

0052 Active devices require actuation, which typically is 
done under the control of a microprocessor. The micropro 
ceSSor is programmed to initiate the disintegration or per 
meabilization of the barrier layer in response to a variety of 
conditions, including a specific time, receipt of a signal from 
another device (for example by remote control or wireless 
methods), or detection of a particular condition using a 
Sensor Such as a biosensor. 

0053 Microelectronic device packages are typically 
made of an insulating or dielectric material Such as alumi 
num oxide or Silicon nitride. Low cost packages can also be 
made of plastics. Their purpose is to allow all components 
of the device to be placed in close proximity and to facilitate 
the interconnection of components to power Sources and to 
each other. For in Vivo applications of the microchip device, 
the entire package, including all components (i.e. the device, 
the microprocessor, and the power Source), are coated or 
encapsulated in a biocompatible material Such as poly(eth 
ylene glycol) or polytetrafluoroethylene-like materials. The 
materials requirements for in Vitro applications are typically 
leSS Stringent and depend on the particular situation. 
0054 The control circuitry consists of a microprocessor, 
a timer, a demultiplexer, and an input Source, for example, 
a memory Source, a signal receiver, or a biosensor. Addi 
tional components can be added to the System depending on 
the desired mode of barrier actuation (e.g., thin film resistors 
for meltable barrier layers). The timer and demultiplexer 
circuitry can be designed and incorporated directly onto the 
Surface of the microchip during electrode fabrication. The 
criteria for Selection of a microprocessor are Small size, low 
power requirement, and the ability to translate the output 
from memory Sources, Signal receivers, or biosensors into an 
address for the direction of power through the demultiplexer 
to a specific reservoir on the microchip device (see, e.g., Ji, 
et al., IEEE J. Solid-State Circuits 27:433-43 (1992)). Selec 
tion of a Source of input to the microprocessor Such as 
memory Sources, Signal receivers, or biosensors depends on 
the microchip device's particular application and whether 
device operation is preprogrammed, controlled by remote 
means, or controlled by feedback from its environment (i.e., 
biofeedback). 
0055. The criteria for selection of a power source are 
Small size, Sufficient power capacity, ability to be integrated 
with the control circuitry, the ability to be recharged, and the 
length of time before recharging is necessary. Batteries can 
be separately manufactured (i.e. off-the-shelf) or can be 
integrated with the microchip itself. Several lithium-based, 
rechargeable microbatteries are described in Jones & 
Akridge, “Development and performance of a rechargeable 
thin-film solid-state microbattery”, J. Power Sources, 54.63 
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67 (1995); and Bates et al., “New amorphous thin-film 
lithium electrolyte and rechargeable microbattery", IEEE 
35 International Power Sources Symposium, pp. 337-39 
(1992). These batteries are typically only ten microns thick 
and occupy 1 cm of area. One or more of these batteries can 
be incorporated directly onto the microchip device. Bin 
yamin, et al., J. Electrochem. Soc., 147:2780-83 (2000) 
describes work directed toward development of biofuel 
cells, which may provide a low power Source Suitable for the 
operation of the microchip devices described herein, as well 
as other microelectronic devices, in Vivo. 

0056) 
0057 A. Fabrication of the Substrates With Reservoirs 

II. Methods of Making the Microchip Devices 

0.058 Devices are manufactured using methods known in 
the art, reviewed for example, by Wolfetal. (1986), Jaeger 
(1988), and Madou, Fundamentals of Microfabrication 
(CRC Press 1997). The microchip devices can be made 
using the methods described below, alone or in combination 
with the methods described in U.S. Pat. Nos. 5,797.898 and 
6,123,861, to Santini, et al. 

0059. In a preferred method of microchip manufacture, 
fabrication begins by depositing and photolithographically 
patterning a material, typically an insulating or dielectric 
material, onto the Substrate to Serve as an etch mask during 
reservoir etching. Typical insulating materials for use as a 
mask include Silicon nitride, Silicon dioxide, and Some 
polymers, such as polyimide. In a preferred embodiment, a 
thin film (approximately 1000-3000 A) of low StreSS, Sili 
con-rich nitride is deposited on both sides of a Silicon wafer 
in a Vertical Tube Reactor (VTR). Alternatively, a stoichio 
metric, polycrystalline Silicon nitride (SiN) can be depos 
ited by Low Pressure Chemical Vapor Deposition (LPCVD), 
or amorphous Silicon nitride can be deposited by Plasma 
Enhanced Chemical Vapor Deposition (PECVD). Reservoirs 
are patterned into the Silicon nitride film on one Side of the 
wafer by ultraViolet photolithography and either plasma 
etching or a chemical etch consisting of hot phosphoric acid 
or buffered hydrofluoric acid. The patterned silicon nitride 
Serves as an etch mask for the chemical etching of the 
exposed Silicon by a concentrated potassium hydroxide 
solution (approximately 20-40% KOH by weight at a tem 
perature of 75-90° C.). Alternatively, the reservoirs can be 
etched into the Substrate by dry etching techniqueS Such as 
reactive ion etching, deep trench etching, or ion beam 
etching. Use of these microfabrication techniques allows the 
incorporation of hundreds to thousands of reservoirs on a 
Single microchip. The Spacing between each reservoir 
depends on its particular application and whether the device 
is a passive or active device. Depending on the shape of the 
reservoirs and the Sealing method used, the reservoirs of 
passive or active devices may be as little as a few microns 
apart. Reservoirs can be made in nearly any shape and depth, 
and need not pass completely through the Substrate. In a 
preferred embodiment, the reservoirs are etched into a (100) 
oriented, Silicon Substrate by potassium hydroxide, in the 
shape of a Square pyramid having side walls sloped at 54.7, 
and pass completely through the Substrate (approximately 
300 to 600 um thick) to the silicon nitride film on the other 
Side of the Substrate, forming a Silicon nitride membrane. 
(Here, the Silicon nitride film serves as a potassium hydrox 
ide etch stop.) The pyramidal shape allows easy filling of the 
reservoirs with chemicals or devices through the large 
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opening of the reservoir (approximately 500 um by 500 um 
for a 300 um thick wafer) on the patterned side of the 
Substrate, exposure through the Small opening of the reser 
voir (approximately 50 um by 50 um) on the other side of the 
Substrate, and provides a large cavity inside the device for 
Storing reacting components and Secondary devices. 
0060 Multi-portion substrate devices can be formed sim 
ply by making two or more individual Substrate portions and 
then bonding them to one another with the matching open 
ings of the reservoir portions aligned. There are two main 
types of bonds that can be formed between substrate por 
tions. The first are atomic-Scale or molecular-Scale bonds. 
These types of bonds usually involve the interpenetration, 
intermixing, or interdiffusion of atoms or molecules of one 
or both of the Substrates at the interface between the Sub 
Strate materials. A preferred method of this type of Substrate 
bonding for use primarily with Silicon or glass Substrates 
involves using heat and/or electric Voltages to enable the 
interdiffusion of material between the two Substrates, caus 
ing a molecular-scale bond to form at the interface between 
Silicon, glass, and other Similar materials. This anodic bond 
ing proceSS is well known to those skilled in the art. Another 
embodiment of this type of bonding involves melting and 
re-solidification of the top layer of one or both substrates. 
The melted material intermixes and upon Solidification, a 
strong bond is formed between the two substrates. In one 
embodiment, this kind of melting and re-Solidification can 
be caused by the brief application of a Solvent, Such as 
methylene chloride, to the Substrate, Such as poly(methyl 
methacrylate) or PLEXIGLASTM. The second type of bond 
ing methods involves using a material other than the Sub 
strate material to form the bond. A preferred embodiment of 
this type of bonding includes the use of chemical adhesives, 
epoxies, and cements. An embodiment that can be used with 
UV transparent substrate materials involves UV curable 
epoxy. The UV curable epoxy is spread between the two 
Substrate portions using a method Such as Spin coating, the 
reservoirs are aligned, and a UV light Source is used to 
croSS-link, or cure, the epoxy and bond the Substrates 
together. 

0061 Alternatively, reservoirs can be formed using sili 
con-on-insulator (SOI) techniques, Such as is described in 
Renard, J. Micromech. Microeng. 10:245-49 (2000). SOI 
methods can be usefully adapted to form reservoirs having 
complex reservoir shapes, for example, as shown in FIGS. 
12A-C. SOI wafers behave essentially as two substrates that 
have been bonded on an atomic or molecular-Scale before 
any reservoirs have been etched into either substrate. SOI 
substrates easily allow the reservoirs on either side of the 
insulator layer to be etched independently, enabling the 
reservoirs on either Side of the insulator layer to have 
different shapes. The reservoirs on either side of the insu 
lator layer can then be connected to make a single reservoir 
having a complex geometry by removing the insulator layer 
between the two reservoirs using methods Such as reactive 
ion etching, laser, ultrasound, or wet chemical etching. 
0062. In other methods, the Substrate is formed from 
polymer, ceramic, or metal for example by compression 
molding powders or Slurries of polymer, ceramic, metal, or 
combinations thereof. Other forming methods useful with 
these materials include injection molding, thermoforming, 
casting, machining, and other methods known to those 
skilled in the art. Substrates formed using these methods can 
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be formed (e.g., molded) to have the reservoirs or the 
reservoirs can be added in Subsequent Steps, Such as by 
etching. 

0063 B. Fabrication of Passive Barrier Layers 
0064. In the fabrication of passive microchip devices, the 
barrier layer material is injected with a micro-Syringe, 
printed with an inkjet printer cartridge, or Spin coated into a 
reservoir having the thin membrane of insulating mask 
material Still present over the Small opening of the reservoir. 
If injection or inkjet printing methods are used, barrier layer 
formation is complete after the material is injected or printed 
into the reservoir and does not require further processing. If 
Spin coating is used, the barrier layer material is planarized 
by multiple Spin coatings. The Surface of the film is then 
etched by a plasma, an ion beam, or chemical etchant until 
the desired barrier layer thickneSS is obtained. After depo 
Sition of the barrier layer material, and possibly after reser 
voir filling, the insulating mask material is removed, typi 
cally via dry or wet etching techniques. In a preferred 
embodiment, the insulating material used is Silicon nitride 
and the barrier layer material is printed into the reservoir 
with an inkjet cartridge filled with a Solution or Suspension 
of the barrier layer material. 
0065 Barrier layers control the time at which secondary 
devices and/or reacting components are exposed to the 
Surrounding environmental components or released from the 
reservoirs. Each barrier layer can be of a different thickness 
or have different physical properties to vary the time at 
which reservoir contents are exposed to the Surrounding 
fluids. Injection, inkjet printing, and Spin coating are pre 
ferred methods of reservoir filling and any of these methods 
may be used to fill reservoirs, regardless of the reservoir's 
shape or size. However, injection and inkjet printing are the 
preferred methods of filling deep (greater than 10 um) 
reservoirs or reservoirs with large openings (greater than 
100 um). For example, to obtain different barrier layer 
thicknesses using injection or inkjet printing, different 
amounts of barrier layer material are injected or printed 
directly into each individual reservoir. Spin coating is the 
preferred method of filling shallow (less than 10 um) res 
ervoirs, reservoirs that do not pass completely through the 
Substrate, or reservoirs with Small (less than 100 um) open 
ings. Variation in barrier layer thickneSS or material by Spin 
coating can be achieved by a repeated, Step-wise process of 
Spin coating, masking Selected reservoirs, and etching. For 
example, to vary barrier layer thickness with Spin coating, 
the barrier layer material is spin coated over the entire 
Substrate. Spin coating is repeated, if necessary, until the 
material is nearly planarized. A mask material Such as 
photoresist is patterned to cover the barrier layer material in 
all the reservoirs except one. Plasma, ion beam, or chemical 
etchants are used to etch the barrier layer material in the 
exposed reservoir to the desired thickness. The photoresist is 
then removed from the Substrate. The process is repeated as 
a new layer of photoresist is deposited and patterned to cover 
the barrier layer material in all the reservoirs except one (the 
exposed reservoir is not the same one already etched to its 
desired thickness). Etching of the exposed barrier layer 
material in this reservoir continues until the desired barrier 
layer thickness is obtained. This process of depositing and 
patterning a mask material Such as photoresist, etching, and 
mask removal can be repeated until each reservoir has its 
own unique barrier layer thickness. The techniques, Such as 
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UV photolithography, and plasma or ion beam etching, are 
well known to those skilled in the field of microfabrication. 

0066 Although injection, inkjet printing and spin coating 
are the preferred methods of barrier layer fabrication, it is 
understood that each reservoir can be capped individually by 
capillary action, by pulling or pushing the material into the 
reservoir using a vacuum or other preSSure gradient, by 
melting the material into the reservoir, by centrifugation and 
related processes, by manually packing Solids into the res 
ervoir, or by any combination of these or similar reservoir 
filling techniques. 

0067) C. Fabrication of Active Barrier Layers 
0068. In active devices, the barrier layer is located on, in, 
or covering each reservoir. The active barrier layers consist 
of any material that can be removed (e.g., disintegrated) or 
made permeable in response to an applied Stimulus (e.g., 
electric field or current, magnetic field, change in pH, or by 
thermal, photochemical, chemical, electrochemical, or 
mechanical means). Examples of active barrier layer mate 
rials include metals. Such as copper, gold, Silver, and Zinc, 
and Some polymers, as described, for example, in Kwon et 
al., Nature, 354:291-93 (1991); and Bae et al, ACS Sympo 
sium Series, 545: 98-110 (1994). Barrier layers and any 
related circuitry are deposited, patterned, and etched using 
microelectronic and MEMS fabrication methods well 
known to those skilled in the art, reviewed, for example, by 
Wolfetal. (1986), Jaeger (1988), and Madou, Fundamentals 
of Microfabrication (CRC Press 1997). In addition, active 
barrier layers and associated circuitry can also be formed on 
the Surface of microchip devices using microcontact printing 
and Soft lithography methods, as described, for example, in 
Yan, et al., J. Amer: Chem. Soc., 120:6179-80 (1998); Xia, 
et al., Adv. Mater, 8(12): 1015-17 (1996); Gorman, et al., 
Chem. Mater, 7:52-59 (1995); Xia, et al., Annu. Rev. Mater. 
Sci., 28:153-84 (1998); and Xia, et al., Angew. Chem. Int. 
Ed., 37:550-75 (1998). 
0069. In a preferred embodiment, the barrier layer is 
defined using a lift-off technique. Briefly, photoresist is 
patterned in the form of electrodes on the surface of the 
Substrate having the reservoirs covered by the thin mem 
brane of insulating or dielectric material. The photoresist is 
developed such that the area directly over the covered 
opening of the reservoir is left uncovered by photoresist and 
is in the shape of an anode. A thin film of conductive 
material capable of dissolving into Solution or forming 
Soluble ions or oxidation compounds upon the application of 
an electric potential is deposited over the entire Surface 
using deposition techniqueS Such as chemical vapor depo 
Sition, electron or ion beam evaporation, Sputtering, Spin 
coating, and other techniques known in the art. Exemplary 
materials include metals. Such as copper, gold, Silver, and 
Zinc and some polymers, as disclosed by Kwon et al. (1991) 
and Bae et al. (1994). After film deposition, the photoresist 
is stripped from the substrate. This removes the deposited 
film, except in those areas not covered by photoresist, which 
leaves conducting material on the Surface of the Substrate in 
the form of electrodes. An alternative method involves 
depositing the conductive material over the entire Surface of 
the device, patterning photoresist on top of the conductive 
film using ultraviolet (UV) or infrared (IR) photolithogra 
phy, So that the photoresist lies over the reservoirs in the 
shape of anodes, and etching the unmasked conductive 
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material using plasma, ion beam, or chemical etching tech 
niques. The photoresist is then Stripped, leaving conductive 
film anodes covering the reservoirs. Typical film thicknesses 
of the conductive material may range from 0.05 to several 
microns. The anode Serves as the active barrier layer and the 
placement of the cathodes on the device is dependent upon 
the devices application and method of electric potential 
control. 

0070 Following deposition of the electrodes, an insulat 
ing or dielectric material Such as Silicon oxide (SiOx) or 
Silicon nitride (SiN) is deposited over the entire Surface of 
the device by methods Such as chemical vapor deposition 
(CVD), electron or ion beam evaporation, Sputtering, or spin 
coating. Photoresist is patterned on top of the dielectric to 
protect it from etching except on the cathodes and the 
portions of the anodes directly over each reservoir. The 
dielectric material can be etched by plasma, ion beam, or 
chemical etching techniques. The purpose of this film is to 
protect the electrodes from corrosion, degradation, or dis 
Solution in all areas where electrode film removal is not 
necessary for release. 
0071. The electrodes are positioned in Such a way that 
when a Suitable electric potential is applied between an 
anode and a cathode, the unprotected (not covered by 
dielectric) portion of the anode barrier layer oxidizes to form 
Soluble compounds or ions that dissolves into Solution, 
compromising the barrier Separating the reservoir contents 
from the Surrounding environment. 
0072 D. Removal of the Insulator Membrane (Reservoir 
Etch Stop) 
0073. The thin membrane of insulating or dielectric mate 
rial covering the reservoir used as a mask and an etch Stop 
during reservoir fabrication must be removed from the 
active microchip device before filling the reservoir and from 
the passive microchip device (if the reservoir extends com 
pletely through the substrate) after filling the reservoir. The 
membrane may be removed in two ways. First, the mem 
brane can be removed by anion beam or reactive ion plasma. 
In a preferred embodiment, the Silicon nitride used as the 
insulating material can be removed by a reactive ion plasma 
composed of oxygen and fluorine containing gases Such as 
CHF, CF, or SF Second, the membrane can be removed 
by chemical etching. For example, buffered hydrofluoric 
acid (BHF or BOE) can be used to etch silicon dioxide and 
hot phosphoric acid can be used to etch Silicon nitride. If 
other materials are used as a membrane mask or etch Stop, 
they can be removed using plasma compositions or chemi 
cals known to those skilled in the art of etching. 
0074 E. Reservoir Filling and Sealing 
0075. The chemicals and devices to be stored and pro 
tected within the reservoirs are inserted into one of the 
openings of each reservoir (e.g., the large opening of Square 
pyramid-shaped reservoirs). Chemicals can be inserted into 
the reservoir by injection, inkjet printing, or Spin coating. 
Devices or device components can be fabricated inside or 
near each reservoir, or can be fabricated away from the 
microchip and inserted into or placed near a reservoir during 
microchip and packaging assembly. Each reservoir can 
contain different chemicals, devices, or device components. 
0.076 The distribution over the microchip of reservoirs 
filled with the chemicals or devices of interest can vary. For 
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applications in medical diagnostics, for example, ink jet 
printing can be used to fill each row of reservoirs on a 
microchip with different chemicals, each used to detect a 
particular analyte in Solution. In another embodiment, each 
reservoir is filled with a slurry of catalyst particles by 
microinjection. If desired, each reservoir can be filled with 
a catalyst for a different chemical reaction. In yet another 
embodiment, a Solution of a biological catalyst (i.e., 
enzyme) or a DNA marker molecule is injected into a 
reservoir and allowed to dry, immobilizing the enzyme or 
the DNA marker on the inner Surface of the reservoir. 
Although injection, inkjet printing, and Spin coating are the 
preferred methods of inserting chemicals into reservoirs, it 
is understood that each reservoir can be filled individually 
by capillary action, by pulling or pushing the material into 
the reservoir using a vacuum or other pressure gradient, by 
melting the material into the reservoir, by centrifugation and 
related processes, by manually packing Solids into the res 
ervoir, or by any combination of these or similar reservoir 
filling techniques. 

0077. Each reservoir can also contain a different device 
or device component. Such devices can be fabricated 
directly in each reservoir. In one embodiment, thin metal 
electrodes for use in a Sensing application can be fabricated 
onto the Sidewalls of a pyramid-shaped reservoir using 
photolithography and electron beam evaporation. It is also 
possible to fabricate device components Separately from the 
microchip and then integrate them with the microchip during 
the assembly process. In one embodiment, a device used in 
an optical based assay (e.g., LED) is placed into or near a 
reservoir during the assembly process. In another embodi 
ment, a completely functional Sensor (e.g., an ISFET or Ion 
Selective Field Effect Transistor) is fabricated on another 
Substrate portion. The Substrate portion containing the Sen 
Sor is aligned with the reservoir on the other Substrate 
portion, and the two portions are bonded together, Sealing 
the Sensor inside the reservoir. 

0078. In preferred embodiments of both active and pas 
Sive release devices, the reservoir openings used for chemi 
cal filling or device insertion (i.e. the openings opposite the 
barrier layer end) are sealed following reservoir filling, using 
any of a variety of techniques known in the art. For example, 
Sealing can be provided by compressing a thin flexible film 
acroSS the openings with a rigid backing plate. Alternatively, 
the opening can be sealed by applying a fluid material (e.g., 
an adhesive, wax, or polymer) that plugs the opening and 
hardens to form a Seal. In another embodiment, a Second 
Substrate portion, e.g., of a Second device, can be bonded 
acroSS the reservoirS openings. 

007.9 F. Device Packaging, Control Circuitry, and Power 
Source 

0080. The openings through which the reservoirs of pas 
Sive and active devices are filled are Sealed by compression, 
by wafer bonding, by a waterproof epoxy, or by another 
appropriate material impervious to the Surrounding environ 
ment. For in Vitro applications, the entire unit, except for the 
face of the device containing the reservoirs and barrier 
layers, is encased in a material appropriate for the System. 
For in Vivo applications, the unit is preferably encapsulated 
in a biocompatible material Such as poly(ethylene glycol) or 
polytetrafluoroethylene, or a case made of a biocompatible 
metal or ceramic. 
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0081. The mechanism for exposing the reservoir contents 
of the device does not depend on multiple parts fitted or 
glued together which must retract or dislodge. Exposing of 
the contents of each reservoir can be controlled by a pre 
programmed microprocessor, by remote control, by a signal 
from a biosensor, or by any combination of these methods. 
0082. A microprocessor is used in conjunction with a 
Source of memory Such as programmable read only memory 
(PROM), a timer, a demultiplexer, and a power source such 
as a microbattery, as described, for example, by Jones et al. 
(1995) and Bates et al. (1992), or a biofuel cell, as described 
by Binyamin, et al. (2000). A programmed sequence of 
events including the time a reservoir is to be opened and the 
location or address of the reservoir is stored into the PROM 
by the user. When the time for exposure or release has been 
reached as indicated by the timer, the microprocessor Sends 
a signal corresponding to the address (location) of a par 
ticular reservoir to the demultiplexer. The demultiplexer 
routes an input, Such as an electric potential or current, to the 
reservoir addressed by the microprocessor. A microbattery 
provides the power to operate the microprocessor, PROM, 
and timer, and provides the electric potential input that is 
directed to a particular reservoir by the demultiplexer. The 
manufacture, size, and location of each of these components 
are dependent upon the requirements of a particular appli 
cation. In a preferred embodiment, the memory, timer, 
microprocessor, and demultiplexer circuitry is integrated 
directly onto the surface of the chip. The microbattery is 
attached to the other side of the chip and is connected to the 
device circuitry by vias or thin wires. However, in some 
cases, it is possible to use Separate, prefabricated, compo 
nent chips for memory, timing, processing, and demultiplex 
ing. In a preferred embodiment, these components are 
attached to the back side of the microchip device with the 
battery. In another preferred embodiment, the component 
chips and battery are placed on the front of or next to the 
microchip device, for example Similar to how it is done in 
multi-chip modules (MCMs) and hybrid packages. The size 
and type of prefabricated chipS used depends on the overall 
dimensions of the microchip device and the number of 
reservoirs. 

0.083 Activation of a particular reservoir by the applica 
tion of an electric potential or current can be controlled 
externally by remote control. Much of the circuitry used for 
remote control is the same as that used in the prepro 
grammed method. A signal, Such as radio frequency (RF) 
energy, microwaves, low power laser, or ultrasound, is sent 
to a receiver by an external Source, for example, computers 
or ultrasound generators. The Signal is received by the 
microprocessor where it is translated into a reservoir 
address. Power is then directed through the demultiplexer to 
the reservoir having the appropriate address. 
0084. A biosensor can be integrated into or onto the 
microchip device to detect molecules in the Surrounding 
fluids. When the concentration of the molecules reaches a 
certain level, the Sensor Sends a signal to the microprocessor 
to activate one or more reservoirs. The microprocessor 
directs power through the demultiplexer to the particular 
reservoir(s). 
0085 
0.086 Passive and active microchip devices have numer 
ous in vitro and in Vivo applications. The microchip devices 

III. Applications for the Microchip Devices 
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can be used in a variety of applications in which it is desired 
to Selectively expose molecules, devices, or a Small volume 
(i.e. that of a reservoir) to another environment outside that 
Volume. Applications include controlled or Selective, on 
demand Sensing, for example to detect the presence or 
absence of a type of molecule, to test for biological activity 
or reactivity of molecules exposed to the Sensor, or to 
measure parameters, Such as pH, temperature, reactivity 
with another molecule, optical properties (e.g., refractive 
index, color, or fluorescence), radioactivity, pressure, or 
electrical conductivity. In one embodiment, the Sensor 
employs an optical fiber that can be used to Sense changes 
in optical properties in or near the reservoirs, changes which 
might occur, for example, due to a reaction in the reservoir 
or in the environment adjacent the reservoir. In a related 
embodiment, the reservoir contains a Scintillation fluid to aid 
in the (optical) detection of radioactive materials. 
0087. In a preferred embodiment, the microchip device 
contains one or more Sensors for use in glucose monitoring 
and insulin control. For example, one or more reservoirs 
could contain a Sensor while other reservoirs contain insulin 
for release. Information from the sensor could be used to 
actively control insulin release. 

0088. The microchip device can be used in vitro to 
Selectively expose Secondary devices or device components, 
reacting components, or both to the Surrounding environ 
ment or components thereof. For Some in vitro applications, 
the microchip can release Small, controlled amounts of 
chemical reagents or other molecules into Solutions or 
reaction mixtures at precisely controlled times and rates. In 
others, Small devices Such as Sensors can be protected from 
the Surrounding environment until they are needed. Analyti 
cal chemistry and medical diagnostics are examples of fields 
where microchips having the ability to Selectively expose 
chemicals and devices can be used. Such microchips can 
also be used in Vivo as delivery devices. The microchips can 
be implanted into a patient, either by Surgical techniqueS or 
by injection, or can be Swallowed. The microchips can 
provide delivery or Sensing of many different molecules and 
devices at varying rates and at varying times. Other micro 
chips can be used to catalyze a particular reaction in Vivo. 
For example, the catalyst (i.e. enzyme) can be protected in 
the reservoir from the Surrounding environment until it is 
desired to expose the enzyme and catalyze the reaction of 
interest. 

0089. The devices also can be used to isolate a reaction 
component, Such as enzymes and other catalysts, for 
example in analytical chemistry or medical diagnostics. For 
example, the reservoir can function as a packed bed reactor 
or immobilized enzyme reactor. In one embodiment, the 
devices utilize OSmotic pressure and/or Swellable materials 
to open the reservoirs to permit molecules to enter or leave 
the reservoirs. These and other applications are detailed in 
the non-limiting embodiments described below, wherein it is 
understood that the number, geometry, and placement of 
each reservoir, barrier layer, or other object (i.e. heaters, 
electrodes, channels, etc.) in or near each reservoir can be 
modified for a particular application. For simplicity, only 
one or two reservoirs are shown in each Figure. However, it 
is understood that a microchip component or device would 
contain at least two, and preferably many more, reservoirs 
arrayed acroSS a Substrate. 
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0090 A. Selective Sensing Device 
0091. In one embodiment, illustrated in FIGS. 2A-C, a 
Sensor 22 for detecting a particular molecule is fabricated or 
placed at the bottom or on an interior side of a reservoir 14 
in Substrate 12 of microchip device 10, having backing plate 
16 and semi-permeable barrier layer 20. In FIG. 2A, barrier 
layer 20 covers the reservoir, allowing the passage of 
molecule of interest "A' into or out of the reservoir 14 while 
restricting the passage of other molecules or materials (e.g., 
cells or cellular components) that may affect the Sensing of 
the molecule of interest. When the microchip device is first 
placed into operation, the Semi-permeable barrier layer 20 
can be directly in contact with the Surrounding environment, 
or it can be covered by another barrier layer 18 that is 
impermeable to molecule “A”, as shown in FIG. 2B. In the 
latter case, the impermeable barrier layer 18 prohibits the 
passage of material into or out of the reservoir 14 until the 
impermeable barrier layer 18 is partially or completely 
removed, as shown in FIG. 2C, at which time the sensor 22 
can then Sense the presence or absence of molecule of 
interest “A”. 

0092. When the impermeable barrier layer can be par 
tially or completely removed by the application of a Stimulus 
(e.g., electric potential), the operator or user of the micro 
fabricated device has the ability to initiate the operation of 
the Sensor on demand. Such components or devices could be 
useful in applications where Sensor operation or perfor 
mance is diminished by exposure to a particular environ 
ment. For example, the performance of Some implantable 
Sensors has been observed to diminish as they become 
coated or “fouled with cells, proteins, and other compo 
nents found in Vivo or in other operating environments. 
0093. B. Optical Sensing Device 

0094) In another embodiment, illustrated in FIGS. 3A-B, 
a miniature optical fiber 24 is placed in or near a reservoir 
14 disposed in Substrate portions 12a and 12b of microchip 
device 10, having semi-permeable barrier layer 20 and 
backing plate 16. Reservoir 14 contains one or more Sub 
stances “X” that interact with one or more molecular or 
cellular component of interest “A”, present in the environ 
ment around the microchip device (outside the reservoir). AS 
shown in FIG. 3B, the Substance X inside the reservoir 14 
is exposed by the partial removal of an initially present 
barrier layer 18 to the environment containing the molecule 
or cellular component of interest “A”. Then an optical 
property of the Substance inside reservoir 14 changes 
(X->X) and is sensed via optical fiber 24. For example, the 
optical fiber 24 may be used to expose the contents of the 
reservoir 14 to a light Source, possibly of a single wave 
length. The optical fiber 24 also can have the ability to detect 
and measure changes in fluorescence, or Some other optical 
phenomenon. The excitation light Source or detection Source 
can be integrated into the reservoir (FIG. 3A) or positioned 
externally from to the reservoir (FIG. 3B). Such compo 
nents or devices could be useful in making colorimetric 
diagnostic devices for the examination of both biological 
(e.g., proteins or DNA fragments) and non-biological Sub 
StanceS. 

0.095 C. Selective Sensor Device with Reagents 
0096. In another embodiment, illustrated in FIGS. 4-5, 
the reservoirs of the microchip device contain a combination 
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of reagents and Sensors in various configurations. For 
example, a reservoir containing one or more Sensors can be 
filled with one or more reagents or other chemicals required 
for conducting a particular assay. 
0097 FIG. 4A shows microchip device 10 having res 
ervoir 14 that contains Sensor 22 and chemical reagent “S”, 
with reservoir 14 covered by barrier layer 18. The barrier 
layer 18 isolates sensor 22 and chemical reagent “S” from 
the environment outside the reservoir. The environment 
contains or potentially contains molecule of interest “R”. AS 
shown in FIG. 4B, when it is desired to activate the sensors, 
the barrier layer 18 is at least partially removed, to permit the 
molecule of interest “R” to react with chemical reagent “S” 
to produce product T, which is sensed by sensor 22. The 
chemical reagent “S”, which is necessary for the assay may 
remain in the reservoir 14 after the barrier layer is removed, 
or may slowly pass out of the reservoir 14 while the 
molecule of interest “R” enters the reservoir 14. In other 
words, it is not critical whether the assay reaction occurs 
inside or just outside of the reservoir, So long as the reaction 
product can be sensed by the Sensor. 
0098. In a variation of this embodiment, illustrated in 
FIG. 5A, microchip device 30 includes sensor 22 in a first 
reservoir 14a and chemical reagent “S” in one or more 
neighboring reservoirs 14b, covered by barrier layers 18a 
and 18b, respectively. As shown in FIG. 5B, sensing is 
initiated by removing barrier layers 18a and 18b to open 
reservoirs 14a and 14b, which exposes sensor 22 and 
chemical reagent “S” to the environment outside the reser 
voirs, which includes molecule of interest “R”. Chemical 
reagent “S” passes out of reservoir. 14b, reacts molecule of 
interest “R” to produce product T, which then is sensed by 
sensor 22 in reservoir 14a. 

0099 Alternatively, in certain applications, the sensor 
need not be located within a reservoir. For example, as 
shown in FIG. 6, microchip device 40 includes reservoir 14 
disposed in Substrate 12 and containing chemical reagent 
“S”. Sensor 22 is mounted on an exterior Surface of Substrate 
12. Again Sensing is initiated by removing barrier layer 18 
(shown in partially removed form), thereby permitting 
chemical reagent “S” to exit reservoir 14 and react with 
molecule of interest “R” to produce product T, which then is 
Sensed by Sensor 22. It is evident that the assay in these 
examples cannot be initiated until the barrier layer is disin 
tegrated or permeabilized and the Sensor, reagents, and 
molecule of interest are no longer isolated from one another. 
0100 D. Control of Sensor Devices 
0101. In one embodiment, illustrated in FIG. 7, a micro 
chip device 32 contains two reservoirs, 14a and 14b, with 
each containing two Sensors: reference Sensor 26 and Sensor 
28. Reference sensor 26 is used to check the operation of 
Sensor 28 in each reservoir. A microprocessor 36, powered 
by power Source 38, can be programmed to continuously 
compare, using comparison units 34a or 34b, (e.g., voltme 
ters or other instrumentation), the operation of Sensor 28 to 
the reference sensor 26 in reservoir 14a or 14b. If for 
example Sensor 28 in reservoir 14a is not operating properly, 
a signal can be sent back to the microprocessor 36. The 
microprocessor 36, in turn, can activate reservoir. 14b and 
expose the new pair of electrodes (i.e. Sensor 28 and 
reference sensor 26 in reservoir. 14b. In addition, the micro 
processor 36 can Send a signal to a transmitter 37 to notify 
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a remotely located computer 39 that only one good Sensor 
remains, or to signal other operational information. While 
the Figure shows the reservoirs as open, it is understood that 
the one or more of the reservoirs can be provided in an 
initially closed State, that is covered by a barrier layer until 
exposure is desired. 

0102 E. Packed Bed Reactor 
0103) In another embodiment, the microchip device 
Serves as a packed bed reactor, an example of which is 
illustrated in FIGS. 8A and 8B. For example, microchip 
device 50 includes a reservoir disposed in Substrate 12 and 
filled with catalyst 52. Catalyst 52 can be any catalytic 
material or can be an inert, porous Support coated with the 
catalytic material. The reservoir is covered by barrier layer 
18, which prohibits or restricts the passage of reactants “A 
to the catalyst or products away from the catalyst, as shown 

in FIG. 8A. Complete or partial removal, or permeabiliza 
tion, of the barrier layer 18 exposes catalyst 52 to the 
environment outside of the reservoir and allows reactants 
“A” to contact the catalyst 52 and react to form product B, 
as shown in FIG. 8B. 

0104 Microchip device 50 optionally is provided with 
reaction control component 54 positioned within the reser 
voir. Examples of these reaction control components include 
resistive heaters and polarizable electrodes. These control 
components can be mounted in (e.g., on a bottom or side 
interior Surface) or near the reservoir to assist in controlling 
the rate of the reaction (A->B). FIGS. 8C and 8D show are 
top views of a resistive heater and a polarized electrode, 
respectively, located on the bottom of reservoir. 
0105. It is understood that a permeable or semi-perme 
able barrier layer also can be used in addition to or in place 
of an impermeable barrier layer to limit or control the types 
of molecules allowed to contact the catalyst. 
0106 These microchip device reactors may be particu 
larly useful in applications where prolonged exposure of the 
catalyst to the environment results in decreased performance 
of the catalyst due to “fouling” or coating of the catalyst 
Surface or due to chemical degradation of the catalyst, 
because these devices would enable many discrete quantities 
of catalyst to be contained in one Small device, with each 
quantity available independently when needed. For 
example, if the catalyst of a first reservoir becomes fouled, 
then a Second reservoir can be opened to expose fresh 
catalyst, and repeated for any number of reservoirs. Further 
more, different catalysts can be provided in different reser 
voirs of a single device, thereby enhancing the range of 
reactions that can be catalyzed with a single device. 

0107 F. Immobilized Enzyme Reactor 

0108. In still another embodiment, the reservoirs of the 
microchip device are provided with an immobilized enzyme. 
For example, as illustrated in FIGS. 9A-B, microchip device 
60 includes reservoir 14 disposed in substrate 12 and cov 
ered by barrier layer 18. An enzyme 62 is immobilized on 
one or more of the surfaces inside reservoir 14. Barrier layer 
18 covers the reservoir to isolate the enzyme 62 from the 
environment which includes reactant “A”. As illustrated in 
FIG. 9B, complete or partial removal of barrier layer 18 
exposes immobilized enzyme 62 to reactant “A”, which 
reacts to form product “B”. 
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0109) Alternatively or in addition, one or more microor 
ganisms (e.g., yeast, pyruvate) can be coated or immobilized 
on Surfaces inside or near a reservoir. For example, the 
microorganism may react with or catalyze a reaction involv 
ing a molecular species that is undetectable by the Sensor 
until reacted the microorganism to produce a Second, detect 
able molecular species. 

0110. It is understood that a permeable or semi-perme 
able barrier layer also can be used in addition to or in place 
of an impermeable barrier layer to limit or control the types 
of molecules allowed to contact the immobilized enzyme. 
These microchip reactor devices can be useful in applica 
tions where a highly Selective enzyme is required, but the 
Stability of the enzyme is decreased when exposed to a 
particular environment for prolonged periods of time. 

0111] G. Use of Osmotic Pressure and/or Swellable Mate 
rials 

0112 In one embodiment, reservoirs are opened by rup 
ture of one or more barrier layers initially covering the 
reservoirs. In one variation of this embodiment, rupture is 
initiated by employing OSmotic pressure, water Swellable 
materials, or combinations thereof. For example, a reservoir 
in a microchip device can be filled or coated with a material 
(for example, a salt) that causes an osmotic pressure to 
develop when exposed to materials from the environment 
outside or near the reservoir. Depending on the design of the 
reservoirs, the OSmotic pressure generating materials 
Selected, and the placement of the osmotic pressure gener 
ating materials in or near the reservoir, the osmotic pressure 
that would develop can be used to either pull material into 
the reservoir or expel material from the reservoir. 

0113. One example of the use of osmotic pressure in 
microchip components or devices, illustrated in FIG. 10, 
involves using the OSmotic pressure generated in a reservoir 
to eject a chemical from the reservoir or from a neighboring 
reservoir. In FIG. 10, microchip device 70 includes Sub 
strate 76, first reservoir 72 containing chemicals to be 
released 74, and Second reservoir 71 containing a concen 
trated Solution of ionic species “A” (the osmotic pressure 
generating material). The device further includes Semi 
permeable barrier layer 73, through which water or other 
Solvent for “A” can pass, and rupturable, impermeable 
barrier layer 75. Semi-permeable barrier layer 73 optionally 
can be covered by another impermeable barrier layer (not 
shown) that can be selectively removed to expose barrier 
layer 73 to the surrounding environment. FIG. 10 shows 
water permeating barrier layer 73 due to osmotic forces. 
More specifically, the concentration of ionic Species “A” in 
reservoir 71 is greater that the concentration of ionic Species 
“A” in the aqueous environment, thereby driving water 
through barrier layer 73 to equalize the concentration of 
species “A”. This increased quantity of water in reservoir 71 
increases the pressure in reservoirs 71 and 72, until the 
preSSure causes impermeable barrier layer 75 to rupture and 
release chemicals 74. Reservoirs 71 and 72 may be separated 
by a flexible, fluid-tight membrane or any other means 
which allows a change in the preSSure of one reservoir to 
affect the pressure in the other, but which maintains the 
Separation of the contents of each reservoir. 
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0114. In another variation of this embodiment, an 
oSmotic preSSure generating material and a chemical that is 
meant to be ejected or released from the reservoir are placed 
in the same reservoir. An example is illustrated in FIGS. 
11A-B, which shows microchip device 80 including reser 
voir 84 disposed in substrate 82 and covered by rupturable, 
semi-permeable barrier layer 90. Reservoir 84 is filled with 
chemical to be released 86 and osmotic pressure generating 
material 85. Filled reservoir 84 initially is covered with an 
impermeable barrier layer 88 to keep the surrounding solu 
tion from entering the reservoir before release from the 
reservoir is desired. When release is desired, a Stimulus is 
applied to the impermeable barrier layer 88 long enough to 
expose semi-permeable barrier layer 90 and render it per 
meable to a solution outside of the reservoir 84, as shown in 
FIG. 11A. The solution (shown as HO) then passes through 
the barrier layer due to the osmotic pressure difference (i.e. 
driving force) between the environment inside and outside 
of reservoir 84, for example due to different ion or salt 
concentrations. The preSSure in reservoir 84 increases due to 
the flow of Solution into the reservoir 84 until the increased 
pressure causes the semi-permeable barrier layer 90 and the 
remainder of impermeable barrier layer 88 to rupture, thus 
causing the contents of the reservoir, chemicals 86 and 
oSmotic pressure generating material 85, to be released into 
the surrounding solution as illustrated in FIG. 11B. 
0115) In an alternative but similar embodiment, a 
Swellable material can used in place of the OSmotic pressure 
generating material in the reservoir. The SWellable material, 
Such as a Swellable polymer, will Swell or expand when 
exposed to a particular Solution. The reservoir Volume, 
barrier layer material and thickness, and Swellable material 
type and Volume, can be selected to provide a System in 
which the Swelling of the Swellable material causes the 
barrier layer to rupture in much the same way that the 
buildup of Solution in the reservoir due to osmotic pressure 
caused the barrier layer to rupture in the preceding example. 
Various combinations of Semi-permeable and impermeable 
barrier layers can be used depending on the particular 
application and microchip device design. 

0116 Publications cited herein and the materials for 
which they are cited are specifically incorporated by refer 
ence. Modifications and variations of the methods and 
devices described herein will be obvious to those skilled in 
the art from the foregoing detailed description. Such modi 
fications and variations are intended to come within the 
Scope of the appended claims. 

We claim: 
1. A device for controlled release of chemical molecules 

comprising: 

a Substrate; 

a plurality of discrete reservoirs located in the Substrate, 
wherein the reservoirs each have at least one opening at 
a Surface of the Substrate, 

chemical molecules, for release, disposed in the reser 
voirs, 

a rupturable barrier layer closing the at least one opening; 
and 
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a pressure generating material disposed in the reservoirs, 
the preSSure generating material being Selected from 
the group consisting of water-SWellable materials, 
OSmotic pressure generating materials, and combina 
tions thereof, 

wherein the chemical molecules can be selectively 
released from each reservoir by rupturing of the barrier 
layer, due to pressure generated by the pressure gen 
erating material. 

2. The device of claim 1, wherein each reservoir has a 
Second opening which is closed by a Second barrier layer. 

3. The device of claim 2, wherein the second barrier layer 
comprises a discrete reservoir cap. 

4. The device of claim 3, further comprising a power 
Source and control circuitry for disintegrating the reservoir 
Cap. 

5. The device of claim 2, wherein the reservoir is sepa 
rated between the two openings into a first Space and a 
Second Space by a fluid-tight, flexible Structure that allows a 
change in pressure within the first Space to affect the 
preSSure in the Second Space while maintaining Separation of 
the contents of the first and Second Spaces. 

6. The device of claim 5, wherein the first space is 
proximate the first opening and contains the chemical mol 
ecules for release and the Second Space is proximate the 
Second opening and contains the pressure generating mate 
rial. 

7. The device of claim 6, wherein the second barrier layer 
comprises a Semi-permeable barrier layer and the preSSure 
generating material comprises an osmotic pressure generat 
ing material, and wherein preSSure generated by the OSmotic 
preSSure generating material causes the first barrier layer to 
rupture to release the chemical molecules while the Second 
barrier layer remains intact. 

8. The device of claim 7, further comprising a reservoir 
cap covering the Semi-permeable barrier layer. 

9. The device of claim 8, further comprising a power 
Source and control circuitry for disintegrating the reservoir 
Cap. 

10. The device of claim 1, wherein the pressure generating 
material and the chemical molecules are mixed together, and 
a Semi-permeable layer is provided between the opening of 
the rupturable barrier layer and the mixture, and wherein 
preSSure generated by the preSSure generating material 
causes the Semi-permeable layer and the rupturable barrier 
layer to both rupture to release the chemical molecules. 

11. The device of claim 10, wherein the rupturable barrier 
layer is a reservoir cap covering the Semi-permeable barrier 
layer. 

12. The device of claim 11, further comprising a power 
Source and control circuitry for disintegrating the reservoir 
Cap. 

13. The device of claim 1, wherein the pressure generating 
material is a Swellable polymer. 

14. The device of claim 1, wherein the chemical mol 
ecules are Selected from the group consisting of proteins, 
nucleic acids, polysaccharides, and cells. 

15. The device of claim 1, wherein the chemical mol 
ecules comprise organic molecules. 

16. The device of claim 1, wherein the chemical mol 
ecules comprise a diagnostic agent. 
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17. The device of claim 1, further comprising a micro 
processor-controlled actuation means for rupturing the bar 
rier layer. 

18. The device of claim 1, wherein the rupturable barrier 
layer comprises a metal film. 

19. The device of claim 1, which biocompatible and 
Suitable for implantation into a patient. 

20. A method for the controlled release of chemical 
molecules comprising: 
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providing the device of claim 1 at a Site for release; and 
generating pressure, with the pressure generating mate 

rial, in at least one reservoir, effective to rupture the 
barrier layer covering the reservoir, 

thereby opening the reservoir and permitting the release 
of the chemical molecules at the Site. 


