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Abstract

Nanomedicine offers the prospect of powerful new tools for the treatment
of human diseases and the improvement of human biological systems
using molecular nanotechnology. This paper presents a theoretical
nanorobot scaling study for artificial mechanical phagocytes of
microscopic size, called "microbivores," whose primary function is to
destroy microbiological pathogens found in the human bloodstream using
a digest and discharge protocol. The microbivore is an oblate spheroidal
nanomedical device measuring 3.4 microns in diameter along its major
axis and 2.0 microns in diameter along its minor axis, consisting of 610
billion precisely arranged structural atoms in a gross geometric volume of
12.1 micron3. The device may consume up to 200 pW of continuous power
while completely digesting trapped microbes at a maximum throughput
of 2 micron3 of organic material per 30-second cycle. Microbivores are up
to ~1000 times faster-acting than either natural or antibiotic-assisted
biological phagocytic defenses, and are ~80 times more efficient as
phagocytic agents than macrophages, in terms of volume/sec digested
per unit volume of phagocytic agent.
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ROBERT FREITAS

1. Introduction

Nanomedicine [1, LINK; 192, LINK] offers the prospect of powerful new tools for the
treatment of human diseases and the improvement of human biological systems.
Previous papers have explored theoretical designs for artificial mechanical red cells
(respirocytes [2, LINK]) and artificial mechanical platelets (clottocytes [3, LINK]). This
paper presents a scaling study for artificial mechanical phagocytes of microscopic size,
called "microbivores." Microbivores constitute a large class of medical nanorobots
intended to be deployed in human patients for a wide variety of antimicrobial
therapeutic purposes, as, for example, a first-line response to septicemia. The analysis
here focuses on a relatively simple device: an intravenous (I.V.) microbivore whose
primary function is to destroy microbiological pathogens found in the human
bloodstream, using the "digest and discharge" protocol first described by the author
elsewhere [1, LINK]. A separate analysis would be required to design devices intended
to clear bacterial infections from nonsanguinous spaces such as the tissues, though such
devices would undoubtedly have much in common with the microbivores described
herein.

After a basic overview of current approaches to sepsis and septicemia that defines the
medical challenge, the basic microbivore scaling design is presented, followed by a brief
analysis of the phagocytic activity and pharmacokinetics of bloodborne nanorobotic
microbivores. As a scaling study, this paper serves mainly to demonstrate that all systems
required for mechanical phagocytosis could fit into the stated volumes and could apply
the necessary forces and perform all essential functions within the given power limits and
time allotments. This scaling study is neither a complete design nor a formal design
proposal.

2. Sepsis and Septicemia

Sepsis [4] is a pathological state, usually febrile, resulting from the presence of
microorganisms or their poisonous products in the bloodstream [5]. Microbial infection
may manifest as cellulitis local dissemination of infection), lymphangitis or lymphadenitis
(dispersion along lymphatic channels) or septicemia (widespread dissemination via the
bloodstream). Septicemia, also known as blood poisoning, is the presence of pathogenic
microorganisms in the blood. If allowed to progress, these microorganisms may multiply
and cause an overwhelming infection. Symptoms include chills and fever, petechiae
(small purplish skin spots), purpuric pustules and abscesses. Acute septicemia, which
includes tachycardia, tachypnea, and altered mental function, may combine with
hypotension and inadequate organ perfusion as septic shock -- the resulting decreased
myocardial contractility and circulatory failure can lead to widespread tissue injury and
eventually multiple organ failure and death [5], often in as few as 1-3 days. Risk is
especially high forimmune-compromised individuals -- in one animal study, the LD50= for
mice rendered leukopenic (defined as <10% normal leukocrit) was less than 20 bacteria
of the species Pseudomonas aeruginosa [6]. Asplenic patients are particularly
susceptible to rapidly progressive sepsis from encapsulated microorganisms such as
streptococcal pneumonia, hemophilus influenza and meningococcus, and will die if the
infection is not recognized rapidly and treated aggressively.

Septicemia may be caused by several different classes of pathogenic organisms, most
commonly identified as bacteria (bacteremia; Section 2.1), viruses (viremia; Section 2.2),
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fungi (fungemia; Section 2.3), parasites (parasitemia; Section 2.4) and rickettsiae
(rickettsemia; Section 2.4).

*LD50 refers to the mean lethal dose which will kill 50% of the animals receiving that dose.

2.1 Bacteremia

The healthy human bloodstream is generally considered a sterile environment. Although
bacterial nutrients are plentiful in blood, major antimicrobial defenses include the
circulating neutrophils and monocytes capable of phagocytosis and the supporting
components of humoral immunity including complement and immunoglobulins.

Still, it is not unusual to find a few bacteria in blood. Normal activities like chewing,
brushing or flossing teeth causes movement of teeth in their sockets, infusing a burst of
commensal oral microbes into the bloodstream [7]. Bacteria can enter the blood via an
injury to the skin, the lining of the mouth or gums, or from gingivitis or other minor
infections in the skin and elsewhere [8]. Bacteremias from a focus of infection are usually
intermittent, while those from vascular system infection tend to be continuous [7], such as
endocarditis or embolism from heart valve vegetations in subacute bacterial
endocarditis (SBE), sometimes leading to infectious mycotic (e.g., Staphylococcus
aureus) aneurysms.

Bacteria can also enter the blood during surgical, dental, or other medical procedures
[8] such as the insertion of I.V. lines (providing fluids, nutrition or medications), cystoscopy
(a viewing tube inserted to examine the bladder), colonoscopy (a viewing tube inserted
to view the colon), or heart valve replacement with a prosthetic (thankfully now rare,
due to heavy preoperative dosing with cefazolin). Such bacteria are normally removed
by circulating leukocytes (along with the fixed reticuloendothelial cells in the spleen, liver,
and lungs), but a few species of bacteria are unusually virulent and can overwhelm the
natural defenses. The CDC estimates that ~25,000 U.S. patients die each year from
bacterial sepsis [9]. Worldwide, there are ~1.5 million cases of sepsis and ~0.5 million
deaths from sepsis annually. Antibiotics can fight sepsis, pressors can relieve hypotension
from sepsis, volume replacement and I.V. albumin or HESPAN (hetastarch) can offset
hypovolemia, but until recently there have been no pharmacological agents approved
to fight the complications of coagulation and inflammation due to bacterial endotoxin
(Section 4.4.2) (which can still lead to a mortality rate of 30%-50% [10]) although
antiendotoxin peptides [242] and anti-LPS monoclonal antibodies [243] are being
investigated for this purpose.

2.1.1 Gram-positive Bacteremia and Current Therapy

Gram-positive bacteria that may infect the human bloodstream include Erysipelothrix
rhusiopathia (erysipelothricosis), Listeria monocytogenes (listeriosis), Staphylococcus
aureus (staph bacteremia), and Streptococcus pneumoniae (bacteremic pneumonia;
group A beta-hemolytic streptococci also cause "flesh-eating" necrotizing fasciitis, often
fatal in 24 hours).

The recommended duration of therapy even for uncomplicated cases of S. aureus
bacteremia arising from a removable source is 2-9 grams/day of antibiotics given L.V. for
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2 weeks [11], after which 5% of patients still relapse, usually with endocarditis.
Endocarditis accompanying bacteremic pneumonia in years past might require a
treatment regimen of penicillin G potassium in the quantity of 24 million units/day,
representing 15 grams/day dissolved in a minimum L.V. infusate volume of 24 ml/day, for
4 weeks [11, 12]; the current most aggressive treatment is 0.5-2 gm/day vancomycin
orally for 7-10 days [12], often together with 1-4 gm/day ceftriaxone and possibly also a
similar dose of teichoplanin (antibiotics of last resort, due to potential toxicity).

2.1.2 Gram-negative Bacteremia and Current Therapy

Gram negative bacteria that may infect the human bloodstream include Bartonella
henselae (cat scratch disease), Brucella (brucellosis or undulant fever), Campylobacter,
Francisella tularensis (tularemia), Klebsiella, Moraxella catarrhalis (in
immunocompromised patients), Neisseria, Proteus, Pseudomonas aeruginosa (e.g.,
bacteremic Pseudomonas pneumonia is rare but carries high mortality [13]), Yersinia
pestis (septicemic plague), and various bacillary enterobacteria such as E. coli,
Salmonella, and Shigella. There are several hundred thousand episodes of gram-
negative sepsis annually [11]. If not treated promptly, neutropenic or immunosuppressed
patients have a 40-60% mortality rate; patients with diseases likely to prove fatal in <5
years (e.g., solid tumors, severe liver disease, aplastic anemia) have a 15-20% mortality
rate; and patients with no underlying disease have a <5% mortality rate if promptly
treated with intensive courses of antibiotics [11].

Treatment for brucellosis involves gram/day intramuscular streptomycin injections (use
generally curtailed; side effect is deafness) plus an oral 1-2 gram/day multiple-antibiotic
regimen lasting 3 weeks [11], and longer courses of therapy lasting several months may
be required to cure relapses [11]. Doses up to 12 gm/day of Ancef (cefazolin) have been
used for severe septicemia [12]. Acute enterobacteremia may require enormous daily
treatment doses of penicillin G, typically 20-80 million units or 12.5-50 grams/day,
administered 1.V. [12]. Evolving antibiotic resistance is an increasing problem, particularly
vancomycin-resistant enterococcus, which is developing at an alarming rate among
immunocompromised hospitalized patients (but often responds to 1-4 gm/day of
erythromycin for 1-2 weeks).

2.1.3 Phage Therapy

An interesting emerging alternative to antibiotic therapy -- and a small step towards
nanomedicine -- is phage therapy [14-27]. Bacteriophage viruses are tiny biological
nanomachines that were first employed against bacteria by d'Herelle in 1922 [14] but
were abandoned therapeutically (and then superceded by antibiotics) after
disappointments in early trials [22]. Bacteriophages may be viewed as self-replicating
pharmaceutical agents [26] that can consume and destroy pathogenic bacteria when
injected into infected hosts. A single E. coli cell injected with a single T4 phage at 37°C in
rich media lyses after 25-30 minutes, releasing 100-200 phage particles; if additional T4
particles are added >4 minutes after the first, lysis inhibition is the result and the bacterium
will produce virions for up to 6 hours before it finally lyses [15]. Of course, medical
nanorobots will not be self-replicating [1].

With the relatively recent realization that phages have a very narrow host range [27],
success rates of 80-95% have been reported [23] and interest in phage therapy as an
alternative to antibiotics is reawakening [25]. For example, 106 E. coli bacteria injected
intramuscularly into mice killed all of the animals (100% mortality), but the simultaneous
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injection of 104 phage virions specifically selected against the K1 capsule antigen of that
bacterial strain of E. coli completely prevented death (0% mortality) [17]. Soothill [19]
found that a dose of 1.2 x107 virions of a bacteriophage targeted against a virulent strain
of Pseudomonas aeruginosa protected half of the mice who were challenged with 5
LD50 of the bacterium; as few as 100 virions of another phage specifically targeted
against a virulent strain of Acinetobacter baumanii protected mice challenged with 5
LD50 (108 CFU): of the pathogen. Interestingly, an oncolytic virus has recently been
reported [31].

One practical difficulty with phage therapy is that even in the absence of an immune
response, intravenous therapeutic phage particles are rapidly eliminated from circulation
by the reticuloendothelial system (RES), largely by sequestration in the spleen [16]. But
Merril et al [27] found that splenic capture could be greatly eliminated by the serial
passage of phage through the circulations of mice to isolate mutants that resist
sequestration. This selection process results in the modification of the nature of the phage
surface proteins, via a double-charge change from acidic to basic which is achieved by
replacing glutamic acid (- charge) with lysine (+ charge) at the solvent-exposed surface
of the phage virion [27]. The mutant virions display 13,000-fold to 16,000-fold greater
capacity to evade RES entrapment 24 hours post-injection as compared to the original
phage [27]. But one concern is that since evasion of entrapment allows increased
virulence for most pathogens, widespread use of such modified virus could make
possible species jumping of the altered phage genes, especially if the virion is RNA-based
and has a high mutation rate. Nanorobotic agents entirely avoid this risk.

“The number of bacterial cells present is often reported as colony-forming units, or CFU.

2.1.4 Bacterial Shape, Size, and Intravenous LD50

Bacteria are unicellular microorganisms capable of independent metabolism, growth,
and replication. Their shapes are generally spherical or ovoid (cocci), cylindrical or
rodlike (bacilli), and curved-rod, spiral or comma-like (spirilla). Bacilli may remain
associated after cell division and form colonies configured like strings of sausages.
Bacteria range in size from 0.2-2 microns in width or diameter, and from 1-10 microns in
length for the nonspherical species; the largest known bacterium is Thiomargarita
namibiensis, with spheroidal diameters from 100-750 microns [32]. Spherical bacteria as
small as 50 nm in diameter have been reported [33] and disputed [34], but it has been
theorized [35] that the smallest possible cell size into which the minimum essential
molecular machinery can be contained within a membrane is a diameter of ~40-50 nm.
Many spherical bacteria are ~1 micron in diameter; an average rod or short spiral cell
might be ~1 micron wide and 3-5 microns long. However, most bacteria involved in
bacteremia and sepsis are <2 micron?3 in volume (Table 1).

Table 1. Size and Shape of Microbes Most Commonly Involved in
Bacteremia [36]

Bacterial Species |Shape D L= el

P P (micron) (micron) (micron?d)

Francisella tularensis rod 0.2 0.3-0.7 0.01-0.02
Klebsiella ovoid 0.4 0.05
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pneumoniae

Campylobacter spp. | rod 0.2-04 1.5-35 0.05-0.50
Vibrio cholerae rod 0.3 1.3 0.10
zt;i‘;fnceosccus ovoid |  0.6-1.0 0.10-0.50
:ﬁﬂg%@;”as rod 0.3-05 1-3 0.10-0.60
Brucella spp. rod 0.5-0.7 0.5-15 0.10-0.60
Yersinia pestis rod 0.4-0.8 0.8-3 0.10-1.50
'r'r'fct)enr('iytogenes rod 0.5 13 0.25
Erysipelothrix rhusiop. | rod 0.5 13 0.25
Salmonella typhi rod 0.4-0.6 2-3 0.25-0.85
Escherichia coli rod 0.5-0.65 1.7-2.0 0.33-0.66
Staphylococcus spp. |sphere 0.5-15 0.07-1.75
Neisseria spp. sphere 1 0.50
Moraxella catarrhalis | rod 1 2-3 1.60-2.35
Shigella spp. rod 1 2-3 1.60-2.35

The intravenous median lethal dose (LD50) for 50% of hosts inoculated with various
bacteremic microorganisms ranges widely from 1-10° CFU/gm (Table 2), but the central
range appears to be 0.1-100 x108 CFU/ml assuming a ~1 gm/cm?3 density for biological
materials.

Table 2. LD50 for Bacteremias Caused by Intravenous Microbial
Challenge
Pathogenic Microorganism Animal Model | LD50 (CFU/gm) |Ref.
Salmonella typhimurium mouse |.V. <0.50 37
Yersinia pestis mouse |.V. <0.60 38
Francisella tularensis mouse V. ~0.5-25 39
Pseudomonas aeruginosa leukopenic 1 6
mouse I.V.
: asplenic infant N
Streptococcus pneumoniae rats LV, 2 40
: normal infant
Streptococcus pneumoniae rats LV, ~20 40
Staphylococcus, canine
Streptococcus, mesenteric 0.0001-0.1 x106 | 41
Bacillus, and E. coli lymph tissue
Mutant htrA Saimonella mouse |.V. 0.028 x10¢ 37
typhimurium
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strain BRD 915

Staphylococcus aureus leukopenic >0.05 x108 6
mouse I.V.
Escherichia coli leukopenic >0.05 %106 30
mouse I.V.
Klebsiella pneumoniae leukopenic 0.075 %108 6
mouse I.V.
Escherichia coli mouse |.V. 0.11 x108 28
Staphylococcus aureus BB mouse 1.V. 0.12-0.19 x108 | 42
Staphylococcus aureus mouse V. ~0.3 x106 43
Acinetobacter baumanii mouse |.V. 0.5 x106 19
Group B streptococci mouse I.V. 0.5-5 x108 44
(produced 50-
90%
incidence of
arthritis)
Salmonella typhimurium, strain mouse 1.V. 0.62 x108 37
GBV311,
mutant rpoE-deficient
Pseudomonas aeruginosa, mouse L.V. 0.75x106 | 45
mucoid strains
Escherichia coli rats I.P. 1 x108 46
Staphylococcus aureus, strain 5
RC 108 mouse |.P. 1.2 x10 47
Pseudomonas aeruginosa, mouse LP. 0.022-1.9 x106 | 48
various strains
Staphylococcus aureus BB immunized 2.1 x106 42
mouse I.V.
Esch.er|ch.|a coli (induced piglets L.V, 25 x106 29
septicemia)
Staphylococcus aureus BB,
mutant coagulase-deficient mouse 1.V. 6.5 x108 42
plus culture filtrate
Staphy!o_coccqs_ aureus ~mouse 7 6 x106 49
methicillin-sensitive inoculum
Escherichia coli mouse I.V. 4-35 %106 27
(100% fatality)
Staphyl_o_cocc_:us aureus ~mouse 50 x106 49
methicillin-resistant inoculum
Staphylococcus aureus SB, mouse |V, 86 x106 42
mutant coagulase-deficient
Streptococcus group B mouse |.V. 100 =108 50

(blood count
at/near death)
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Staphylococcus aureus BB mouse I.V. 800 %106 51
(viable microbes,
3 days, renal
tissue)

Staphylococcus aureus, strain

6
RC122, avirulent mutant mouse |.P. 1550 =10 a7

I.V. -- intravenous
I.P. -- intraperitoneal
leukopenic -- low white cell count

2.2 Viremia

Viremia is the presence of virus particles in the bloodstream, usually a transient condition
[7]. Viruses are acellular bioactive parasites that attack virtually every form of cellular life.
Viruses have diameters ranging from 16-300 nm [52] -- for example, poliomyelitis ~18 nm,
yellow fever ~25 nm, adenovirus (common cold) ~70 nm, influenza (flu) ~100 nm, herpes
simplex and rabies ~125 nm, and psittacosis ~275 nm [53]. Their shape is either
pseudospherical with icosahedral symmetry, as in the poliomyelitis virus, or rodlike, as in
the tobacco mosaic virus (TMV). A virus surrounded only by protein coat (capsid) is a
naked virus; some viruses (e.g., HIV, HSV, pox), called enveloped viruses, acquire a lipid
membrane envelope from their host cell upon release.

In cases of blood plasma viremia, virion particle counts range from 1/ml to 0.35 x108/ml
for HIV in humans [54-56], with a mean of 25/ml for asymptomatic patients; viral loads for
simian immunodeficiency virus (SIV) in monkeys may be much higher, 2-200 x108/ml of
blood [57]. Hepatitis C (HCV) [58] infectious viral loads (at ~10-18 gm/virion) are
considered low at 0.2-1 x 108/ml, medium at 1-5 x10%/ml, high at 5-25 x108/ml, and very
high at >25 x108/ml. Hepatitis G (HGV) [59] viral loads in symptomatic patients are 0.16-
5.1 x108/ml. TT virus (TTV) [60] loads in HIV patients may exceed >0.35 x108/ml. Thus the
typical blood particle burdens in viremia are much the same as in bacteremia, roughly
0.1-100 x108/ml. Viral infections can be very difficult to eradicate pharmaceutically, as
most treatments are virustatic, not virucidal. For example, acute treatment of herpesvirus
requires 2 grams/day of acyclovir, with chronic suppressive therapy for recurrent disease
requiring 0.8 grams/day for up to 12 months [12].

2.3 Fungemia

In severely immmunocompromised patients, fungi may gain access to the bloodstream,
producing fungemia [7]. Fungal cells in peripheral blood are typically ovoid to
elongated, from 3 x 3 microns up to 7 x10 microns in size, and occur singly, budding, or in
short chains and clusters [61]. Candidal fungemia is most common; Candida albicans
blood counts in human patients are considered "ultralow" at < 1 CFU/ml and "low" at 1-3
CFU/ml in neonates [62], but "high" at > 5 CFU/mI in adult patients [63]; in one test series,
fungemic patients showed 5.5 CFU/ml in venous blood and 9.1 CFU/ml in arterial blood,
suggesting that peripheral tissues may clear ~40% of yeasts [64]. Rats injected with ~100
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x108 CFU/ml of C. albicans all died in < ~6 hours from nonendotoxemic (i.e., non-LPS
related) shock [65].

Patients with catheter-related fungemia due to fungus counts of Malassezia furfur at 50-
1000 CFU/ml required antibiotic treatment [66], and catheter-related Rhodotorula (red
yeast) infected patients with colony counts in the 100-1000 CFU/ml range required
antifungal therapy [67]. Human bloodstream fungal infections thus appear to range from
1-1000 CFU/ml. Disseminated (systemic) candidiasis is effectively managed with 0.2
gm/day of fluconazole for at least 4 weeks [12]. Coccidioides immitis fungal infection is
treated with ~0.02 gm/day (~200 mil/day 1.V. drip solution via Ommaya reservoir into the
brain ventricles) of amphotericin B for up to 9-11 months [12] (very toxic, with overdose
leading to cardio-respiratory arrest; typically dosed as total cumulative). Respiratory
fungal histoplasmasis (Histoplasma capulatum) may be treated with oral doses of
itraconazole at 0.2-0.5 gm/day for a minimum of 3 months [12].

2.4 Parasitemia and Rickettsemia

Parasitemia arises from parasites that have evolved to live in the bloodstream include the
Plasmodium (malaria) family and the flagellate protozoans Trypanosoma (sleeping
sickness) and Leishmania (leishmaniasis). Blood parasites typically have a juvenile form
that is ovoid or ring-shaped with dimensions of 1-5 microns, and an adult tubular form
measuring 1-5 microns in width and 10-30 microns in length [68]. In Trypanosoma brucei,
the number of trypanosomes in blood fluctuates in waves, and the organisms are
typically undetectable for 3 out of 5 days [69]. Trypomastigotes have an I.V. LD50 in mice
of ~2.5/gm [70, 71]. Trypanosoma brucei gambiense inoculated into mice has an LD50 of
0.02-0.15 %108 trypanosomes/gm, with growth rates slowing at organism blood
concentrations > 300 x108 trypanosomes/ml and death occurring at a blood parasite
load of 2000 x10¢ trypanosomes/ml [72]. Malaria may be treated with several oral doses
of chloroquine phosphate totalling 2.5 gm over three days, but there is increasing
microbial resistance to chloroquine worldwide and as little as 1 gm of the medicine can
be fatal in children, with toxic symptoms appearing within minutes of overdosage [12]; a
single 1.25 gm dose of mefloquine is sometimes effective in mild cases [12].

Rickettsia are rod-shaped or coccoid gram-negative obligate intracellular parasites
~0.25 microns in diameter that in humans grow principally in endothelial cells of small
blood vessels, producing vasculitis, cell necrosis, vessel thrombaosis, skin rashes and organ
dysfunctions [73]. The infection is characterized by repetitive cycles of bloodborne
organisms, or rickettsemia. For example, in cattle the number of pathogens in the blood
varies between a low of 100/ml and a peak of 1-10 x108/ml over 6-8 week intervals; in
each cycle, the blood count slowly rises over 10-14 days and then declines precipitously
[74]. However, most of these parasites are found in the red cells, and the organism's
appearance in the blood plasma is incidental to its activity. Plasma titers for free R.
rickettsii organisms in the blood of human patients with Rocky Mountain spotted fever
averaged 5-16 parasites/ml in treated patients who survived, and 1000 parasites/ml in
the postmortem plasma of one patient with untreated fatal fulminant fever [75].
Antibiotic therapy has reduced the death rate from 20% to about 7%, with death usually
occurring when treatment is delayed [8].

3. Microbivore Scaling Analysis and Baseline Design
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The foregoing review suggests that existing treatments for many septicemic agents often
require large quantities of medications that must be applied over long periods of time,
and often achieve only incomplete eradication, or merely growth arrest, of the
pathogen. A nanorobotic device that could safely provide quick and complete
eradication of bloodborne pathogens using relatively low doses of devices would be a
welcome addition to the physician's therapeutic armamentarium. The following analysis
assumes a bacterial target (e.g. bacteremia), although other targets are readily
substituted (Section 4.4).

The microbivore is an oblate spheroidal nanomedical device consisting of 610 billion
precisely arranged structural atoms plus another 150 billion mostly gas or water
molecules when fully loaded (Section 3.2.5). The nanorobot measures 3.4 microns in
diameter along its major axis and 2.0 microns in diameter along its minor axis, thus
ensuring ready passage through even the narrowest of human capillaries (~4 microns in
diameter [1, LINK]). Its gross geometric volume of 12.1056 micron3 includes two normally
empty internal materials processing chambers totalling 4 micron3 in displaced volume.
The device may consume up to 200 pW of continuous power while in operation and can
completely digest trapped microbes at a maximum throughput of 2 micron3 per 30-
second cycle, large enough to internalize almost all relevant microbes in a single gulp. As
in previous designs [2], to help ensure high reliability the system presented here has
tenfold redundancy in all major components, excluding only the largest passive structural
elements.

During each cycle of operation, the target bacterium is bound to the surface of the
microbivore via species-specific reversible binding sites [1, LINK]. Telescoping robotic
grapples emerge from silos in the device surface, establish secure anchorage to the
microbe’'s plasma membrane, then transport the pathogen to the ingestion port at the
front of the device where the cell is internalized into a morcellation chamber. After
sufficient mechanical mincing, the morcellated remains are pistoned into a digestion
chamber where a preprogrammed sequence of engineered enzymes are successively
injected and extracted, reducing the morcellate primarily to monoresidue amino acids,
mononucleotides, glycerol, free fatty acids and simple sugars, which are then harmlessly
discharged into the environment through an exhaust port at the rear of the device,
completing the cycle.

This "digest and discharge" protocol [1, LINK] is conceptually similar to the internalization
and digestion process practiced by natural phagocytes, but the artificial process should
be much faster and cleaner. For example, it is well-known that macrophages release
biologically active compounds such as muramyl peptides during bacteriophagy [76],
whereas well-designed microbivores need only release biologically inactive effluent.

3.1 Primary Phagocytic Systems

The principal activity which drives microbivore scaling and design is the process of
digestion of organic substances, which also has some similarity to the digestion of food.
The microbivore digestive system has four fundamental components -- an array of
reversible binding sites to initially bind and trap target microbes (Section 3.1.1), an array
of telescoping grapples to manipulate the microbe, once trapped (Section 3.1.2), a
morcellation chamber in which the microbe is minced into small, easily digested pieces
(Section 3.1.3), and a digestion chamber where the small pieces are chemically
digested (Section 3.1.4).
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3.1.1 Reversible Microbial Binding Sites

The first function the microbivore must perform is to acquire a pathogen to be digested.
A collision between a bacterium of the target species and the nanorobotic device
brings their surfaces into intimate contact, allowing reversible binding sites on the
microbivore hull to recognize and weakly bind to the bacterium. Binding sites can
already be engineered [77, 78]. Bacterial membranes are quite distinctive, including
such obvious markers as the family of outer-membrane trimeric channel proteins called
porins in gram-negative bacteria like E. coli [79, 80] and other surface proteins such as
Staphylococcal protein A [81] or endotoxin (lipopolysaccharide or LPS), a variable-size
carbohydrate chain that is the major antigen of the outer membrane of gram-negative
bacteria. Mycobacteria contain mycolic acid in their cell walls [82]. And only bacteria
employ right-handed amino acids in their cellular coats, which helps them resist attack
by digestive enzymes in the stomach and by other organisms. Peptidoglycans, the main
structural component of bacterial walls, are cross-linked with peptide bridges that
contain several unusual nonprotein amino acids and D-enantiomeric forms of Ala, Glu,
and Asp [83]. D-alanine is the most abundant D-amino acid found in most
peptidoglycans and the only one that is universally incorporated [84]. Macrophages
have evolved a variety of plasma membrane receptors that recognize conserved motifs
having essential biological roles for pathogens, hence the surface motifs are not subject
to high mutation rates; these pathogen receptors on macrophages have been called
"pattern recognition receptors" and their targets "pathogen-associated molecular
paterns” [246]. Genomic differences between virulent and non-pathogenic bacterial
strains [85] likely produce phenotypic differences that could enable the biasing of
nanorobots towards the detection of the more toxic variants, if necessary.

Additionally, all bacteria of a given species express numerous unique proteins in their
outermost coat. A complete review is beyond the scope of this paper, but a few
representative examples can be cited. Each single-celled Staphylococcus aureus
organism displays binding sites for human vitronectin on its surface, including 260
copies/cell representing high-affinity sites and 5,240 copies/cell representing moderate-
affinity sites [86]. The plasmid-specified major outer membrane protein TraTp of
Escherichia coli is normally present in 21,000 copies/cell at the cell surface [87].
Streptococcus pyogenes (strain 6414) has 11,600 copies/cell of surface binding sites to
human collagen [88]; another receptor protein specific to type Il collagen (among the
dozens of collagen types) are found in 30,000 copies/cell on the surface of each
Staphylococcus aureus (strain Cowan 1) cell with equilibrium constant Kq = 107 M [89].
(Researchers found that the same bacterial receptor would also specifically respond to
synthetic collagenlike analogs containing the peptide sequences (Pro-Gly-Pro)n, (Pro-Pro-
Gly)10, and (Pro-OH-Pro-Gly)io [89].) If the microbivore must distinguish among ~500
different bacterial species or strains, then each bacterial cell type may be uniquely
identified using as few as log2(500) ~ 9 binary antigenic markers [1, LINK].

Assuming that nine species-specific bacterial coat ligands are sufficient to uniquely
identify an encountered bacterium as belonging to the target species or strain, and that
~104 copies of each of the nine ligands are present on a bacterial surface of area ~10
micronz, then the mean distance between each ligand of the same type is 31.6 nm. A
square array of 200 adjacent ligand receptors on the nanorobot surface, with each
ligand or receptor active site ~5 nmz2in area (e.g., antibody-antigen complexes typically
show contact interfaces of 6-9 nmz?, involving 14-21 residues on each side [90-92]), would
on average overlap one such ligand that is resident in a bacterial surface pressed
against it. If there are 100 such arrays uniformly distributed over the entire nanorobot
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surface, then a randomly chosen mutual contact area of only 1% of the nanorobot
surface suffices to ensure that there is at least one array overlapping a unigque ligand on
the bacterial surface during a collision. Of course, the probability of binding, even given
mutual contact, is not unity, but perhaps only ~10% (e.g., Nencounter ~ 10 [1, LINK]).
However, this factor is almost completely offset because there are nine equivalent array
sets -- one set for each of the nine unique bacterial ligands -- and recognition and
binding of any one of the nine unique ligands will suffice to bind the bacterium securely
to the nanorobot.

Since array members need not be adjacent, the actual physical configuration on the
microbivore surface is a bit different. The binding sites are modeled after the narrowband
chemical sensor described in Nanomedicine [1, LINK], Figure 4.2. Each 3x3 receptor
block consists of nine 7 nm x 7 nm receptor sites, one for each of the nine species-
specific bacterial coat ligands. There are 20,000 of these 3x3 receptor blocks distributed
uniformly across the microbivore surface. Each 3x3 receptor block measures 21 nm x 21
nm x10 nm. A single receptor, if bound to a ligand, may provide a binding force of 40-
160 pN [1, LINK], probably larger than the largest plausible in sanguo dislodgement force
of ~100 pN [1, LINK] and thus gripping the bacterium reasonably securely. The
recognition event can be consumated in tmeas ~ 30 microsec, according to Egn. 8.5 from
Nanomedicine [1, LINK]. As an operational procedure, once any one of the nine key
ligands has been detected, all of the remaining unoccupied receptors for that ligand in
other receptor blocks can be deactivated, and so on until all nine ligands have been
individually confirmed -- a combination lock whose completion triggers bacteriocide.
Interestingly, during phagocytosis by macrophages most injected particles are
recognized by more than one receptor; these receptors are capable of cross-talk and
synergy, and phagocytic receptors can both activate and inhibit each other's function

[247].

Microbial binding is energetically favored; if binding energy is ~240 zJ per microbial
ligand [1, LINK] (1 zeptojoule (zJ) = 1021 J), then the power requirement for debinding a
set of 9 occupied receptors in ~100 microsec is only ~0.02 pW.

3.1.2 Telescoping Grapples

Once the target bacterium has been confirmed and temporarily secured to the
microbivore surface at >9 points with a minimum binding force of >360-1440 pN,
telescoping robotic grapples emerge from silos in the nanodevice surface to establish
secure anchorage to the microbe’s plasma membrane or outer coat. Each grapple is
mechanically equivalent to the telescoping robotic manipulator arm described by
Drexler [93], but 2.5 times the length. This manipulator when fully extended is a cylinder 30
nm in diameter and 250 nm in length with a 150-nm diameter work envelope (to the
microbivore hull surface), capable of motion up to 1 cm/sec at the tip at a mechanical
power cost of ~0.6 pW at moderate load (or ~0.006 pW at 1 mm/sec tip speed), and
capable of applying ~1000 pN forces with an elastic deflection of only ~0.1 nm at the tip.
(Interestingly, supplementing chemispecificity (Section 3.1.1) gram-negative bacteria
can be distinguished from gram-positive organisms by their wavy surface appearance
when scanned by AFM [94], a subtle morphological difference that should also be
detectable by grapple-based pressure sensors that could help confirm microbial
identity.)

Each telescoping grapple is housed beneath a self-cleaning irising cover mechanism
that hides a vertical silo measuring 50 nm in diameter and 300 nm in depth, sufficient to
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accommodate elevator mechanisms needed to raise the grapple to full extension or to
lower it into its fully stowed position. At a 1 mm/sec elevator velocity, the transition
requires 0.25 millisec at a Stokes drag power cost (operating in human blood plasma) of
0.0008 pW, or 0.008 pW for 10 grapples maximally extended simultaneously [1, LINK]. The
elevator mechanism consists of compressed nitrogen gas rotored into or out of the
subgrapple chamber volume from a small high-pressure sealed reservoir, a pneumatic
piston providing the requisite extension or retraction force. A grapple-distension force of
~100 pN applied for a distance of 250 nm could be provided by 25 atm gas pressure in a
minimum subgrapple chamber volume of 104 nms, involving the importation of ~6000 gas
molecules. Removal of these ~6000 gas molecules from a maximum subgrapple
chamber volume of 105 nm3 provides a ~1 atm pressure differential and a maximum
grapple-retraction force of ~100 pN; cables or other mechanisms may assist in retraction
if more force is needed. The aperture of the irising silo cover can be controll