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ABSTRACT

Molecular manufacturing promises precise control of matter at the atomic and molecular level, allowing the construction of micron-scale machines comprised of nanometer-scale components.

Medical nanomachines will be among the earliest applications. The artificial red blood cell or "respirocyte" proposed here is a bloodborne spherical 1-micron diamondoid 1000-atm pressure vessel with active pumping  able to deliver 236 times more oxygen to the tissues per unit volume than natural red cells and to manage carbonic acidity. An onboard nanocomputer and numerous chemical and pressure sensors enable complex device behaviors remotely reprogrammable by the physician via externally applied acoustic signals.

Primary applications will include transfusable blood substitution; partial treatment for anemia, perinatal/neonatal and lung disorders; enhancement of cardiovascular/neurovascular procedures, tumor therapies and diagnostics; prevention of asphyxia; artificial breathing; and a variety of sports, veterinary, battlefield and other uses.

INTRODUCTION

Molecular manufacturing promises precise control of matter at the atomic and molecular level. One major implication of this realization is that in the next 10-30 years it may become possible to construct machines on the micron scale, comprised of parts on the nanometer  scale. Subassemblies of such devices may include such useful robotic components as 100-nm manipulator arms, 400-nm mechanical GHz-clock computers, 10-nm sorting rotors for molecule-by-molecule reagent purification, and smooth superhard surfaces made of atomically flawless diamond.

Such technology has clear medical implications. It would allow physicians to perform precise interventions at the cellular and molecular level. Medical nanorobots have been proposed for gerontological applications, in pharmaceutical research, and to diagnose diseases ,mechanically reverse atherosclerosis, supplement the immune system, rewrite DNA sequences in vivo, repair brain damage, and reverse cellular insults caused by "irreversible" processes or by cryogenic storage of biological tissues. The goal of the present paper is to present one such preliminary design for a specific medical nanodevice that would achieve a useful result: An artificial mechanical erythrocyte (red blood cell, RBC), or "respirocyte."

Prime  Issues

The biochemistry of respiratory gas transport in the blood is well understood in brief that oxygen and carbon dioxide are carried between the lungs and the other tissues, mostly within the red blood cells. Hemoglobin, the principal protein in the red blood cell, combines reversibly with oxygen, forming oxyhemoglobin. About 95% of the O2 is carried in this form, the rest being dissolved in the blood. At human body temperature, the hemoglobin in 1 liter of blood holds 200 cm3 of oxygen, 87 times more than plasma alone (2.3 cm3) can carry.

Carbon dioxide also combines reversibly with the amino groups of hemoglobin, forming carbamino hemoglobin. About 25% of the CO2 produced during cellular metabolism is carried in this form, with another 10% dissolved in blood plasma and the remaining 65% transported inside the red cells after hydration of CO2 to bicarbonate ion. The creation of carbamino hemoglobin and bicarbonate ion releases hydrogen ions which, in the absence of hemoglobin, would make venous blood 800 times more acidic than the arterial. This does not happen because buffering action and isohydric carriage by hemoglobin reversibly absorbs the excess hydrogen ions, mostly within the red blood cells.

Respiratory gases are taken up or released by hemoglobin according to their local partial pressure. There is a reciprocal relation between hemoglobin's affinity for oxygen and carbon dioxide. The relatively high level of O2 in the lungs aids the release of CO2, which is to be expired, and the high CO2 level in other tissues aids the release of O2 for use by those tissues.

EXISTING ARTIFICIAL RESPIRATORY GAS CARRIERS

Current blood substitutes are either hemoglobin formulations or fluorocarbon emulsions.

· Hemoglobin Formulations

When tetrameric hemoglobin is freed from the red cell it loses effectiveness in three ways.

1. It dissociates to dimers that are rapidly cleared from circulation by the mononuclear phagocytic system (10-30 minute half life) and by the kidneys (1 hour half life).

2.  It binds O2 more tightly, reducing deliverability of O2 during tissue hypoxia.

3.  During storage, hemoglobin may be oxidized to useless methemoglobin due to the absence of the protective enzyme methemoglobin reductase normally present in red cells.

Efforts to modify hemoglobin to increase intravascular dwell time have followed many pathways. Hemoglobin (in solution) has been cross-linked (either internally or with a macromolecule), polymerized, modified by recombinant DNA techniques, or microencapsulated. Encapsulation is most promising, given that all vertebrate hemoglobin is contained in cells to maintain its stability, preserve function, and protect the host from toxicity.

· Fluorocarbon Emulsions

Fluorocarbons offer a simpler approach to oxygen transport and delivery that relies on physical solubilization rather than binding of the oxygen molecules. Liquid fluorocarbons selected for the preparation of injectable oxygen carriers are typically molecules of 8-10 carbon atoms with molecular weights in the 450-500 range, dissolving 20-25 times as much O2 as water and delivering about the volume of oxygen to the tissues as an equal weight of hemoglobin.

Because they are insoluble in water, fluorocarbons are administered in the form of emulsions of 0.1-0.2 micron droplets dispersed in a physiologic solution similar to fat emulsions routinely used for parenteral nutrition. After opsonization and phagocytosis of the emulsion droplets, the fluorocarbon is transferred to lipid carriers in the blood and released during passage through the pulmonary capillary bed. Thus fluorocarbons are not metabolized but are excreted unchanged by exhalation as a vapor through the lungs, typically in 4-12 hours for the present emulsions

SHORTCOMINGS OF CURRENT TECHNOLOGY

Most of the red cell substitutes under trial at present have far too short a survival time in the circulation to be useful in the treatment of chronic anemia, and are not specifically designed to regulate carbon dioxide or to participate in acid/base buffering. Several cell-free hemoglobin preparations evidently cause vasoconstriction, decreasing tissue oxygenation, and there are reports of increased susceptibility to bacterial infection due to blockade of the monocyte-macrophage system, complement activation, free-radical induction, and nephrotoxicity.

NANOTECHNOLOGICAL DESIGN OF

                                                           RESPIRATORY GAS   CARRIERS

A Scanning Tunneling Microscope was used in 1989 to spell out "IBM" using 35 individual xenon atoms on a nickel surface . Atomic Force Microscopes (AFMs) have performed nanomachining operations on planar MoO3 crystals: applying 100 nanonewtons at the tip, two rectangular slots and a 50-nm rectangular sliding member were milled from a crystal, then the member was slid repeatedly from one slot to the other, making a reversible mechanical latch  10-nm features can be milled with AFMs. Individual nucleotides have been distinguished and manipulated on stretched DNA strands using AFMs

A large number of potentially useful rigid nanoparts including molecular-scale rods, rings, springs, cubes, spheres, tetrahedrons, hollow tubes, propellors, and tongs, and wire-frame nanostructures of many shapes made of polymerized DNA were built and self-assembling multi-nanopart assemblies such as rotaxane "molecular shuttles" which move back and forth ~500 times/sec like a molecular abacus, and N-catenanes were manufactured.

In future with micron-scale machines, it is possible to imagine a complete microscopic chemical factory that avoids the shortcomings of current artificial blood technologies and simulates most major biochemical functions of the natural erythrocyte.

PRESSURE VESSEL

Given the goal of oxygen transport from the lungs to other body tissues, the simplest possible design for an artificial respirocyte is a microscopic pressure vessel, spherical in shape for maximum compactness. Most proposals for durable nanostructures employ the strongest materials, such as flawless diamond or sapphire constructed atom by atom, with Young's modulus 1012 N/m2 and conservative working stress  of 1010 N/m2 . Tank storage capacity is given by Van der Waals equation which takes account of the finite size of tightly packed molecules and the intermolecular forces at higher packing densities. Rupture risk and explosive energy rise with pressure, so a standard 1000 atm peak operating pressure appears optimum, providing high packing density with an extremely conservative 100-fold structural safety margin.

In the simplest case, oxygen release could be continuous throughout the body. Slightly more sophisticated is a system responsive to local O2 partial pressure, with gas released either through a needle valve controlled by a heme protein that changes conformation in response to hypoxia, or by diffusion via low pressure chamber into a densely packed aggregation of heme-like molecules trapped in an external fullerene cage porous to environmental gas and water molecules, or by molecular sorting rotors .These simple proposals have two principal failings

1. First, once discharged the devices become useless. As with current blood substitutes, discharge time is too short. In the absence of functioning red cells the O2 contained in a 1 cm3 injection of 1000 atm microtanks would be exhausted in 2 minutes.                                            .

2. The proposals involve placement of numerous point source O2 emitters throughout the capillary bed in conjunction with the existing erythrocyte population. These extra emitters are functionally equivalent to red blood cells whose CO2 transport and acid-buffering capabilities have been selectively disabled. Their addition to the blood pushes respiratory gas equilibrium toward higher CO2 tension and elevated hydrogen ion concentration, which could lead to carbon dioxide toxicity and acidosis (hypercapnia), especially in anemic, nonrespiratory, or ischemic patients, and to hyperoxic hemolysis and other complications.

Neither problem may be overcome using passive systems alone. The easiest way to extend duration is to provide for recharging the microvessels with oxygen gas, preferably via the lungs.The easiest way to prevent carbon dioxide toxicity is to provide additional tankage for CO2 transport and some active means for gas loading at the tissues and unloading at the lungs. Note that physically stored CO2 makes no net addition to blood acidity. Respirocytes operating in the absence of red cells would generate little CO2-related acidity. Proper blood pH could probably be maintained by the kidneys alone.

MOLECULAR SORTING ROTORS

The key to successful respirocyte function is an active means of conveying gas molecules into, and out of, pressurized microvessels and it can be done by  Molecular sorting rotor .Each rotor has binding site "pockets" along the rim exposed alternately to the blood plasma and interior chamber by the rotation of the disk. Each pocket selectively binds a specific molecule when exposed to the plasma. Once the binding site rotates to expose it to the interior chamber, the bound molecules are forcibly ejected by
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 rods thrust outward by the cam surface. 


 Molecular Sorting Rotor
Molecular sorting rotors can be designed from about 105 atoms measuring roughly 7 nm x 14 nm x 14 nm in size with a mass of 2 x 10-21 kg. These devices could sort small molecules of 20 or fewer atoms at a rate of 106 molecules/sec with laminar flow for an energy cost of 10-22 joule/molecule sorted, and pump against head pressures up to 30,000 atm at an additional energy cost up to 10-19 joule/molecule. Rotors are fully reversible, so they can be used to load or unload gas storage tanks, depending upon the direction of rotor rotation. It should be possible to recover most of the sorting energy by adding a generator subsystem, or by compressing one gas using energy derived largely from the decompression of the other using differential gearing.

Typical molecular concentrations in the blood for target molecules of interest (O2, CO2, N2 and glucose) are ~10-4, which should be sufficient to ensure at least 90% occupancy of rotor binding sites at the stated rotor speed. Each stage can conservatively provide a concentration factor of 1000, so a multi-stage cascade fig2 should ensure storage of virtually pure gases. Since each 12-arm outbound rotor can contain binding sites for 12 different impurity molecules, the number of outbound rotors in the entire system can probably be reduced to a small fraction of the number of inbound rotors.
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Sorting Rotor Cascade

SORTING ROTOR BINDING SITES

Receptors with binding sites for specific molecules must be extremely reliable  because of high affinity and specificity and survive long exposures to the aqueous media of the blood.

Oxygen transport pigments are conjugated proteins, that is, proteins complexed with another organic molecule or with one or more metal atoms. Transport pigments contain metal atoms such as Cu2+ or Fe3+ making binding sites to which oxygen can reversibly attach. Besides hemoglobin  and myoglobin  in man, other natural respiratory pigments include hemocyanin, a blue copper-based pigment found in molluscs and crustaceans  and chlorocruorin, a green iron-based pigment found in marine polychaete worms, both of which are only about 25% as efficient as oxygen carriers as hemoglobin hemerythrin, a purple iron-based pigment found in some molluscs and worms , about 10% as efficient as hemoglobin; vanadium chromagen, a pigment found in the blood of sea squirts, ascidians and tunicates, in apple-green, blue, and orange varieties, due to the presence of different oxides of vanadium.

Artificial reversible oxygen-binding molecules such as coboglobin and cobaltodihistidine, other metallic porphyrins can be used. Implantable blood oxygen sensors such as Medtronic's hemodynamic monitor are already in clinical trials. Unlike hemoglobin, hemocyanin, hemerythrin and coboglobin are not poisoned by carbon monoxide; neither will respirocytes.

Many proteins and enzymes have binding sites for carbon dioxide. For example, hemoglobin reversibly binds CO2, forming carbamino hemoglobin. A zinc enzyme present in red blood cells, carbonic anhydrase, catalyzes the hydration of dissolved carbon dioxide to bicarbonate ion, so this enzyme has receptors for both CO2 and H2O. The first step in chlorophyllic photosynthesis, in which CO2 is added to a 5-carbon sugar, is catalyzed by ribulose biphosphate carboxylase, probably the world's most abundant enzyme because it accounts for more than half the soluble protein in every green leaf on Earth.

Many molecules bind water reversibly, including a wide variety of deliquescent crystals, efflorescent minerals, hydrophilic and polar amino acids, and numerous enzymes such as carbonic anhydrase, hydrolases and dehydratases.

Binding sites for glucose are common in nature. For example, cellular energy metabolism starts with the conversion of the 6-carbon glucose to two 3-carbon fragments, the first step in glycolysis. Another common cellular mechanism is the glucose transporter molecule, which carries glucose across cell membranes and contains several binding sites. Other glucose-binding proteins are found in the intestines, liver, kidney, adipose tissue, and elsewhere.

Finally, certain microorganisms, including the Rhizobium genera of bacteria found on leguminous plant roots, some free-living soil bacteria such as the Azotobacter, and a few species of blue-green algae such as Anabaena cylindrica, achieve biological fixation of atmospheric N2 using an enzyme complex called nitrogenase. Nitrogenase is extremely labile in the presence of oxygen

Once they are structurally and functionally known, receptors for each of the different gases to be transported may be incorporated into the rotors as precisely shaped and charged diamondoid surfaces and cavities using the manufacturing techniques for atom-by-atom assembly, including mill-style and manipulator-style hierarchical mechanosynthesis.

DEVICE SCALING

The upper limit of physical device size is easy to specify because respirocytes must have ready access to all tissues via blood vessels. They cannot be larger than human capillaries, which average 8 microns in diameter but may be as small as 3.7 microns -- so narrow that natural red blood cells must fold in half to pass.

As respirocyte design radius shrinks, surface area per unit enclosed volume rises rapidly. Smaller cells may have more difficulty defending against environmental insults and face more numerous potential filtration sites throughout the body.The minimum possible respirocyte diameter is driven by operational requirements and by minimum component size

BUOYANCY CONTROL USING WATER BALLAST

Another design issue that arises when operating in an aqueous medium is buoyancy, which can readily be controlled by loading or unloading water ballast. The smaller the respirocyte, the slower it settles out of suspension.         

A 1-micron respirocyte with density ranging from 679 kg/m3 for tanks empty (vacuum) to 1370 kg/m3 for all tanks full would rise or fall at a maximum rate of 0.1-0.6 mm/hour; the settling rate for 0.1-micron particles is 100 times slower. By comparison, even the small difference in density between individual red cells (1100 kg/m3) and blood plasma (1025 kg/m3 at 310 K) causes red cells to settle out of suspension at a much faster 4-10 mm/hour depending on hematocrit (the volumetric % of blood occupied by red cells, typically 45% in humans) and degree of RBC aggregation. Natural erythrocytes appear unhandicapped by their faster settling rate, so active ballast management for artificial respirocytes (which settle slower) is probably unnecessary in normal operations.

 Baseline Design

Many specific design issues must next be confronted, including tank configuration, rotor and glucose engine placement, subsystem scaling, and the redundancy level required to produce acceptable system reliability. Centralized systems have less complexity, but less redundancy hence less reliability. The final design represents a compromise among many competing factors.

Power

Onboard power is provided by a mechanochemical engine that exoergically combines glucose and oxygen to generate mechanical energy to drive molecular sorting rotors and other subsystems. Glucose engine design -- possibly involving a ballistic turbine driven by rotor-combustion ejecta operating near ~1000 atm -- is a critical research issue.Engines can be designed to operate at >99% efficiency. However, since natural cellular metabolic pathways using the glycolysis and tricarboxylic acid (TCA) cycles achieve only 68% efficiency, we can consider a more conservative 50% efficiency . Sorting rotors absorb glucose directly from the blood and store it in a fuel tank. Oxygen is tapped from onboard storage.

The power system is scaled such that each glucose engine can fill the O2 tank from a fully empty condition in 10 seconds, requiring a peak continuous output of 3 x 10-13 watts.

The glucose fuel tank is scaled such that one tankful of fuel drives the glucose engine at maximum output for 10 seconds, consuming 5% of the O2 gas stored onboard and releasing a volume of waste water approximately equal to the volume of the glucose consumed. Such a fuel tank can measure 42 nm x 42 nm x 115 nm in size comprising <108 atoms (<10-18 kg), hold ~106 glucose molecules and be filled using ~10-3 sec of engine output. Power is transmitted mechanically or hydraulically using an appropriate working fluid, and can be distributed as required using rods and gear trains, or using pipes and mechanically operated valves, controlled by the computer.

Communications


The attending physician can broadcast signals to molecular mechanical systems deployed in the human body most conveniently using modulated compressive pressure pulses received by mechanical transducers embedded in the surface of the respirocyte. Converting a pattern of pressure fluctuations into mechanical motions that can serve as input to a mechanical computer requires transducers that function as pressure-driven actuators. Pressure transducers consume minimal power because the input signal drives the motion.

Internal communications within the respirocyte may be achieved by impressing modulated low-pressure acoustical spikes on the hydraulic working fluid of the power distribution system, or via simple mechanical rods and couplings.

Sensors

Various sensors are needed to acquire external data essential in regulating gas loading and unloading operations, tank volume management, and other special protocols. For instance, sorting rotors can be used to construct quantitative concentration sensors for any molecular species desired. 

The below diagram uses an input sorting rotor running at 1% normal speed synchronized with a counting rotor (linked by rods and ratchets to the computer) to assay the number of molecules of the desired type that are present in a known volume of fluid. The fluid sample is drawn from the environment into a fixed-volume reservoir with 104 refills/sec using two paddlewheel pumps. At typical blood concentrations, this sensor, which measures 45 nm x 45 nm x 10 nm comprising ~500,000 atoms (~10-20 kg), should count ~100,000 molecules/sec of glucose, ~30,000 molecules/sec of arterial or venous CO2, or ~2000 molecules/sec of arterial or venous O2.
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 Molecular Concentration Sensor
It is also convenient to include internal pressure sensors to monitor O2 and CO2 gas tank loading, ullage (container fullness) sensors for ballast and glucose fuel tanks, and internal/external temperature sensors to help monitor and regulate total system energy output.

Onboard Computation
An onboard computer is necessary to provide precise control of respiratory gas loading and unloading, rotor field and ballast tank management, glucose engine throttling, power distribution, interpretation of sensor data and commands received from the outside, self-diagnosis and activation of failsafe shutdown protocols, and ongoing revision or correction of protocols in vivo.

A 104 bit/sec computer can probably meet all computational requirements, given the simplicity of analogous chemical process control systems in factory settings . That's roughly the computing capacity of a transistor-based 1960-vintage IBM 1620 computer, or about 1/50th the capacity of a 1976-vintage Apple II microprocessor-based PC. Both the IBM 1620 and the Apple II used ~105 bits of internal memory, but even the early PCs typically had access to 106 bits (0.1 megabyte) of external floppy drive memory.

Assuming ~500 bits/sec/nm3 and 1018 bits/sec/watt for nanomechanical computers, and ~5 bits/nm3 for nanomechanical mass storage systems , each 104 bit/sec CPU is allocated a volume of ~104 nm3 and consumes ~10-14 watt (3% of the power output of one glucose engine), while 500 kilobits of memory requires ~105 nm3. The use of reversible logic significantly reduces power consumption .

Baseline Configuration

The artificial respirocyte is a spherical nanomedical device 1 micron in diameter consisting of 18 billion precisely arranged structural atoms plus 9 billion temporarily resident molecules when fully loaded. Allocations of device volume and mass were determined by specifying equal O2 and CO2 tank volumes, glucose tank volumes, ballast volume as a variable, and all structural mass as ~diamondoid in density. The ballast system was scaled such that a full water tank achieves neutral buoyancy with all gas and glucose tanks empty, and an empty water tank achieves neutral buoyancy with all gas and glucose tanks full.

The system presented here has at least tenfold redundancy in all components, excluding the pressure tanks which, because of their compartmentalized structure may be regarded as having even greater redundancy. .

Twelve pumping stations are spaced evenly along an equatorial circle. Each station has its own independent glucose engine, glucose tank, environmental glucose sensors, and glucose sorting rotors. Each station alone can generate sufficient energy to power the entire respirocyte. 

[image: image4.jpg]g2
g2




.

 Glucose Rotor, Tank, Engine and Flue Assembly in 12-Station Respirocyte Baseline Design
Detailed reliability simulations will be required to determine whether stations should run

(1) at peak power on a rotating schedule,

(2) at partial power on a continuous basis, or

(3) one at a time until failure, switching to the next backup.

Power is transmitted hydraulically to local station subsystems and also along a dozen independent interstation trunk lines that allow stations to pass hydraulic power among themselves as required, permitting load shifting and balancing.

For tenfold redundancy, ten duplicate computer/mass-memory sets are located at the center of the device in a spherical 106 nm3 volume. This location offers maximum shielding from environmental insults and centralized access to all surface components including communications links, external sensors, and distributed power supply. Any of the 10 computers at the core can receive power or communications directly from any of the 12 pumping stations along hard links in protected utility conduits.

Each pumping station has an array of 3-stage molecular sorting rotor assemblies for pumping O2, CO2, and H2O into and out of the ambient medium. The number of rotor sorters in each array is determined both by performance requirements and by the anticipated concentration of each target molecule in the bloodstream. Any one pumping station, acting alone, can load or discharge any storage tank in ~10 sec (typical capillary transit time in tissues), whether gas, ballast water, or glucose. Gas pumping rotors are arrayed in a noncompact geometry to minimize the possibility of local molecule exhaustion during loading.
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The design allows for significant numbers of outbound impurity return rotors because the gas rotor systems are actually scaled for greater than 10:1 redundancy. For O2 we only need 4530 rotors for 10:1 redundancy; we have 5184 rotors, so 654 rotors or 12.6% of them (54.5 per station) are not necessary to meet the 10:1 redundancy requirements and can be allocated for impurity return. For CO2, we need 3990 but have 4320, so 330 or 7.6% of them (27.5 per station) can be used for impurity return. The glucose rotors are grossly overdesigned to ensure energy supply even in the most hypoglycemic patients. We need only 40 rotors for 10:1 redundancy but have 216, so even if half are required for impurity return we achieve ~27:1 redundancy.

Each station also includes three glucose engine flues for discharge of CO2 and H2O combustion waste products, 10 environmental oxygen pressure sensors distributed throughout the O2 sorting rotor array to provide fine control if unusual concentration gradients are encountered, 10 similar CO2 pressure sensors on the opposite side, 2 external environment temperature sensors and 2 fluid pressure transducers for receiving command signals from medical personnel.

The below diagram shows the equatorial pumping station network which
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Equatorial Cutaway View of Respirocyte
occupies ~50% of respirocyte surface. On the remaining surface, a universal "bar code" consisting of concentric circular patterns of shallow rounded ridges is embossed on each side, centered on the "north pole" and "south pole" of the device as below.
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 This coding permits easy product identification by an attending physician with a small blood sample and access to an electron microscope, and may also allow rapid reading by other more sophisticated medical nanorobots which might be deployed in the future.

Tank Chamber Design

Each storage tank is constructed of diamondoid honeycomb or a geodesic grid skeletal framework for maximum strength. Thick diamond bulkheads separate internal tankage volumes. Available structural mass is equivalent to a 10-nm thick (~60 carbon atoms) 2.2 micron x 2.2 micron diamond sheet, enough material for 1000 compartments ~(40 nm)3 in size for all tanks. Compartment walls are perforated with sufficient holes of varying sizes to allow gas to flow easily between them, with larger compartments nearest the rotors graduating to smaller compartments more distant from the rotors to encourage isobaric entrainment.

The present design includes separate O2 and CO2 chambers. In theory, these gases could be stored mixed in a single chamber. A single chamber design can effectively double the O2-carrying capacity of each respirocyte by allowing the entire gas tank volume to be initially charged with oxygen at 1000 atm. There are four minor drawbacks to this approach

(1) Respiration is controlled by CO2, not O2, levels, requiring maintenance of sizable CO2 inventories at all times, reducing surplus volume available for O2 storage

(2) respirocytes may be deployed to reverse serious tissue CO2 overloading, requiring significant available storage volume to absorb this gas

(3) the rate of binding for outbound transport by sorting rotors may be lower for mixed gases, reducing maximum outgassing rate

(4) inability to emergency vent pure gas.

APPLICATIONS

· UNDERWATER BREATHING

With an augmentation dose or nanolung, the diver holds his breath for 0.2-4 hours, goes about his business underwater, then surfaces, hyperventilates for 6-12 minutes to recharge, and returns to work below.

· TREATMENT OF ANEMIA

Oxygenating respirocytes offer complete or partial symptomatic treatment for virtually all forms of anemia, including acute anemia caused by a sudden loss of blood after injury or surgical intervention; secondary anemias.

· FETAL AND CHILD-RELATED DISORDERS

Respirocytes may be useful in perinatal medicine, neonatal hemolytic disease, or in utero asphyxia from partial detachment of the placenta or maternal hypoxia, to restore the oxygen-carrying ability of fetal blood

OTHER APPLICATIONS

Respirocytes could permit major new sports records to be achieved, because the devices can deliver oxygen to muscle tissues faster than the lungs can provide, for the duration of the sporting event. This would be especially useful in running, swimming, and other endurance-oriented events, and in competitive sports such as basketball, football and soccer where extended periods of sustained maximum exertion are required

Artificial blood substitutes may also have wide use in veterinary medicine especially in cases of vehicular trauma and renal failure where transfusions are required, and in battlefield applications demanding blood replacement or personnel performance enhancement. Swallowed in pill form, respirocytes could be an effective, though temporary, cure for flatulence, which gas is largely swallowed air and CO2 generated by fermentation in the stomach. With suitable modifications, respirocyte technology could provide a precisely metered ingestible or injectable drug delivery system.
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