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Abstract

The ultimate goal of nanomedicine is to perform nanorobotic therapeutic procedures on specified
individual cells comprising the human body. This paper reports the first theoretical scaling
analysis and mission design for a cell repair nanorobot. One conceptually simple form of basic
cell repair is chromosome replacement therapy (CRT), in which the entire chromatin content of
the nucleusin aliving cdll is extracted and promptly replaced with a new set of prefabricated
chromosomes which have been artificially manufactured as defect-free copies of the originals.
The chromallocyte is a hypothetical mobile cell-repair nanorobot capable of limited vascular
surface travel into the capillary bed of the targeted tissue or organ, followed by extravasation,
histonatation, cytopenetration, and complete chromatin replacement in the nucleus of one target
cell, and ending with areturn to the bloodstream and subsequent extraction of the device from the
body, completing the CRT mission. A single lozenge-shaped 69 micron® chromallocyte measures
4.18 microns and 3.28 microns along cross-sectional diameters and 5.05 microns in length,
typically consuming 50-200 pW in normal operation and a maximum of 1000 pW in brief bursts
during outmessaging, the most energy -intensive task. Treatment of an entire large human organ
such as aliver, involving CRT on all 250 billion multinucleate hepatic tissue cells, might require
the localized infusion of a~1 terabot (trillion device) ~69 cm® chromallocyte dose in a 1-liter 7%
saline suspension during a~7 hour course of therapy. Chromallocytes would be the ideal

delivery vector for gene therapy.
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1. Introduction

Most human diseases involve a molecular malfunction at the cellular level, and cell function is
largely controlled by gene expression and its resulting protein synthesis. As aresult, many
disease processes are driven either by defective chromosomes [1] or by defective gene expression
[2]. One common practice of genetic therapy which has enjoyed only limited success is to
supplement existing genetic material by inserting new genetic material into the cell nucleus,
commonly using viral [3-5], bacteriophage [6], bacterial [7], stem cell [8], plasmid/phospholipid
microbubble [9], cationic liposome [10], dendrimeric [11], chemical [12, 13], nanoparticulate [14,
15] or other appropriate transfer vectors to breach the cell membrane. However, permanent gene
replacement using viral carriers has largely failed thus far in human patients due to immune
responses to antigens of the viral carrier [16] as well as inflammatory responses, insertional
mutagenesis, and transient effectiveness. Excess gene copies [17-19], repeat gene clusters [20],
and partial trisomies [21] and higher polysomies [22] can often cause significant pathologies,
sometimes mimicking aging [23]. Attempting to correct excessive expression caused by these
errors by implementing antisense transcription silencing [24] on a whole-body, multi-gene, or
whole-chromosome basis would be far less desirable than devel oping more effective therapeutic
methods that did not require such extensive remediation.

Electroporation [25] is another classic technique that uses electrical pulses to render cell
membranes temporarily permeable to DNA, but this method cannot target individual cells in vivo
and transfer is not perfect. Nucleofection [26] is a variant of electroporation that permits direct
transfer of DNA into the nucleus, but only for in vitro applications. Lasers have been used to
usher DNA, even sperm, into cells. using nanosecond UV pulses, some DNA is transferred, but
the cells may be damaged irreparably. Femtosecond near-IR pulses greatly reduce cell damage
[27] but DNA uptake is still seriously limited in scope and reliability. Mechanical injection into
tissues of naked DNA plasmids carrying human cDNA into cells has shown promise [28], but
only small lengths of DNA can be transferred and expressed in this manner. Direct microsurgical
extraction of chromosomes from nuclei has been practiced since the 1970s [29-32], and
microinjection of new DNA directly into the cell nuclei using a micropipette (pronuclear
microinjection) is a common biotechnology procedure [33] easily survived by the cell, though
such injected DNA often eventually exits the nucleus [34]. The commercial practice of DNA
microinjection into pronuclei of zygotes from various farm animal species since 1985 has also
shown poor efficiency and involves a random integration process which may cause mosaicism,
insertional mutations and varying expression due to position effects[35]. Finally, for more than
four decades microbiologists have used nuclear transfer [36] and nuclear transplantation [37]
techniques to routinely extract or insert an entire nucleus into an enucleated cell using

mi cropipettes without compromising cell viability, but such direct manual transfer approaches are
impractical for in vivo therapeutic use in diseased tissues comprising billions or trillions of
individual cells. Nuclear reprogramming [38] employs global resetting of epigenetic
modifications only, without direct changes to nuclear DNA information. Purposeful intracellular
infection by engineered bacteria containing desired supplementary genetic material might also be
possible, given the presence of multiple endosymbionts with integrated genomes in some natural
species [384a], but this biotechnology has not yet been developed.

Nanomedicine and medica nanorobotics [39, 40] offers the prospect of powerful new tools for
the treatment of human disease and the improvement of human biological systems. Previous



papers have explored theoretical designs or scaling studies for medical nanorobots including
artificial mechanical red cells (respirocytes [41]), artificial mechanical white cells (microbivores
[42]), artificia mechanical platelets (clottocytes [43]), nanorobotic pharmaceutical delivery
devices (pharmacytes [44]), dental nanorobots (dentifrobots [45]), and an artificial
nanomechanical vascular system (vasculoid [46]). This paper presents the first technical scaling
study for atrue cell repair nanorobot. Called chromallocytes,* these still-hypothetical mechanical
nanorobots would be infused into the human body, travel to a cell, enter the cell nucleus, remove
the existing set of chromosomes and replace it with a new set, then exit the body, a process called
“chromosome replacement therapy” or CRT. As perhaps the ideal gene delivery vector,
chromallocytes could provide a complete and permanent cure for ailmost all genetic diseases by
replacing damaged or defective chromosomes in individual living cells with a new set of
artificially manufactured chromosomes that are defect-free copies of the originals. Cell targeting
would be virtually 100% efficient and complete. Full removal of the original DNA avoids any
possibility of iatrogenic aneuploidy (possessing an abnormal number of chromosomes in the
nucleus) which is a leading cause of spontaneous miscarriages [47], genetic diseases such as
XYY syndrome [48] and congenital heart disease [49], and is a hallmark of many human cancer
cells [50].

* Chromallocytes (pronounced “crow-MAL-oh-sites’) are nanorobots capable of chromosome exchange operations
inside the living human cell nucleus. The etymology derives entirely from Greek roots. The prefix chroma- (asin
chromosome or chromatin, the genetic material present in the nucleus of a cell that is a deoxyribonucleic acid attached
to a protein structure base) was taken directly from the Greek word chroma, meaning literally “color,” referring to the
fact that the chromosomal components of cells would preferentialy stain in early cell biology experiments. The root
form -allo- derives from numerous sources, including the Greek roots allage (“change”), allasso or allassein (“to
change,” “to exchange”), allos (“other”, “another”, or “changed”), allothi (“elsewhere”), allotrios (“ancther’s’), and
allelon (“of one another”). The suffix -cyte derives from the Greek -kytos (noun: “ahollow”) or -cyto, a combining
form meaning “of acell” or “cells’. Hence “chromallocyte’ literally means “a chromosome-exchanging cell”.

After an introductory overview of the human cell nucleus, including relevant physical aspects of
DNA and chromosomes, the basic chromallocyte scaling design is presented, followed by an
exemplar mission description and a brief analysis of specia situations and mission design issues
involving nanorobotic chromallocytes. The proposed design is complex and likely to be
modified, at least in part, as further details of human biology are discovered. As a scaling study,
this paper serves mainly to demonstrate that all systems required for mechanical chromosome
exchange operations could fit into the stated volumes and could apply the necessary forces,
deploy the needed chemical substances, and perform all essential functions within the given
power, space and time allotments. This scaling study is neither a complete engineering design nor
aformal design proposal for a future nanomedical product. Rather, the purpose here is merely to
examine a set of appropriate design constraints, scaling issues, and reference designs to
investigate whether or not the basic idea of a chromosome replacement device might be feasible,
and to determine key limitations of such machines, as an exercise in theoretical applied science
[51€]. Issuesin nanorobot biocompatibility, including immune system evasion, have been
extensively discussed elsewhere [40-42].

The reader should note that utilization of this nanomedical device as described will require a vast
infrastructure of mature medical nanotechnology that does not yet exist. The development of
such an infrastructure will proceed in parallel with ongoing efforts to design and build
nanofactories [52] capable of fabricating and assembling medical nanorobots [53]. The existence
of chromallocytes, some decades hence, thus implies the existence of the necessary infrastructure
that is enabled by the same molecular manufacturing technology.



2. Basic Structure of the Cell Nucleus

The cell nucleus, 5-8 microns in diameter for a 20 micron tissue cell and up to 10 microns for a
fibroblast, is the largest cellular organelle. It is the only organelle that is voluminous enough, in
theory, to admit a micron-scale medical nanorobot into itsinterior. The nucleusis usualy alarge
spherical or ovoid structure consisting of nucleoplasm surrounded by its own nuclear membrane
within the cytoplasm of the cell, although its shape generally conforms to the shape of the cell.
For example, if acell is elongated, the nucleus may be extended as well [54]. Almost al cells
contain a single nucleus, whose primary function is the storage and expression of genetic
information. However, afew cell types have multiple nuclei of similar size, such as skeletal
muscle cells, osteoclasts, megakaryocytes, and some hepatocytes [55]. A few cell types have no
nucleus, such as red blood cells, platelets, keratinized squamous epidermal cells, and lens fibers.

2.1 Nuclear Envelope

The nuclear envelope enclosing the nucleus is alipid bilayer similar in composition to that of the
cell membrane, except that it is a double-layered membrane which is topologically more
convenient for dissolution during mitosis and subsequent reassembly from vesicles. The nuclear
envel ope disassembles at the onset of mitosis and is reassembled at the end of mitosis [56]. Each
of the two lipid bilayer membranes is 7-8 nm thick. The outer nuclear membrane (ONM) is
occasionally continuous with the rough endoplasmic reticulum (ER) and is almost entirely
surrounded by it. Like the rough ER, the ONM is often studded on its outer surface with
ribosomes involved in protein synthesis [57]. Intermediate filaments extend outward from the
ONM into the surrounding cytoplasm of the cell, anchored on the other end to the plasma
membrane of the cell or to other organelles, thus positioning the nucleus firmly within the cell
and increasing its mechanical stiffness aimost tenfold [58].

The perinuclear space (or perinuclear cisterna) between the two lipid membranes ranges in width
from 10-70 nm but is usually a gap of 20-40 nm. This fluid-filled compartment is continuous
with the cisternae of the rough ER, thus providing one possible avenue for transporting
substances between the nucleus and different parts of the cytoplasmic compartment.

Ancther distinctive feature of the nuclear envelope is the presence of numerous nuclear pores,
small cylindrical channels with eightfold symmetry that extend through both membranes and
provide direct contact between cytoplasm and nucleoplasm [59-62]. Each pore complex marks a
point of fusion between the inner and outer membranes. Elements of the cytoskeleton external to
the nucleus appear to be attached to many pores, possibly alowing direct mechanical regulation
of pore activity [63, 64]. Each nuclear pore complex is a huge multimolecular assemblage
measuring 70-90 nm in diameter, with a mass of 125 million daltons, ~34 times the size of a
ribosome. Up to 100 different nucleoporin protein molecules make up the structure [65]. Early
experiments with passive gold particles showed that cytoplasmic particles with diameters of 5-6
nm passed through the pores into the nucleus in ~200 sec, those with diameters of 9-10 nm took
~10* sec, but particles >15 nm were excluded [57]. Closer examination has revealed that the
pores are actualy large enough to allow the passage of substrates as large as 23-26 nm [59, 65],
but thisis still much too narrow for nanorobots or their flexible robotic protuberances to pass
through without damaging the mechanism. The nuclear localization sequence (NLS), a molecular
tag consisting of 1-2 short sequences of amino acids, marks cytoplasmic proteins for active



transport through the nuclear pores. Small (~40 nm) arm-like import receptors (cytoplasmic
filaments) ringing the mouth of the pore bind to a protein cargo tagged with an NLS, then flex
toward the pore to shove the cargo into the opening [66-68]. The density of pores across the
surface of the nuclear envelope varies greatly, depending mainly on cell type and the amount of
RNA being exported to the cytoplasm. Values range from 3-4 pores/micron? in some white cells
up to 50 pores/micron? in oocytes with a theoretical maximum density of 60 pores/micron® [57].
A typical ~20 micron human cell has 2000-4000 pores embedded in its nuclear surface [65], a
mean density of 10-20 pores/micron?. Pore structures may protrude at most ~100 nm into the
nucleoplasmic space.

The nuclear cortex is an electron-dense layer of intermediate filaments (composed of the nuclear
lamins common to most cell types) on the nucleoplasmic side of the inner nuclear membrane
(INM) [65]. The cortex, also called the nuclear lamina or karyoskeleton, is up to 30-40 nm thick
in some cells but is difficult to detect in others [57]. Its proteinaceous fibers are arranged in
whorls that may serve to funnel materials to the nuclear pores for export to the cytoplasm. These
fibers may also be involved in pore formation. The nuclear cortex helps to determine nuclear
shape, and also binds to specific sites on chromatin [69] (the form taken by chromosomes
between cell divisions), thereby guiding the interactions of chromatin with the nuclear envelope
[70]. Chromatin binding sites on the nuclear cortex avoid the immediate vicinity of nuclear pores
to ensure unobstructed passage of materials through the pores [70].

2.2 Nuclear Interior, Chromosomes and DNA

The nucleoplasm is the semifluid matrix in the interior of the nucleus. It contains some
condensed but mostly extended chromatin as well as a dynamic structural nuclear matrix [71] of
nonchromatin (mostly protein) material; 398 distinct nuclear matrix-associated proteins
comprising and attached to the matrix had been catalogued as of 2005 [72], many of them cell-
specific [72, 73]. Chromosomes assume a highly condensed (compact) state as the cell prepares
to divide, but after mitosis most of the chromosomes relax into a highly extended state that
pervades most of the nucleoplasm. During interphase (e.g., between cell divisions), individual
chromosomes occupy discrete territories [ 74-76] within the nucleus that may range up to 3-5
microns in diameter, organized in aradial distribution with the most gene-dense chromosomes
located toward the center of the nucleus [77]. The structure and location of these territories varies
by cell type and mitotic stage [78, 79], and may be arranged in the same spatial order asis found
in the wheel-shaped ring aggregate known as the chromosome rosette at the time of mitotic
prometaphase [80]. Note, however, that these territories are not rigid. Changes in the relative
positions of chromosomal territories often occur at speeds of 0.3-0.4 nm/sec, and intraterritorial
movement and flexing of subchromosomal foci measuring 400-800 nm in diameter have also
been observed [81, 82]. Multiple compact chromatin domains within each territory are
surrounded by interchromatin space that is largely devoid of DNA [83, 84]. The nucleosol, or
fluid component of the nucleoplasm, contains salts, nutrients, and other needed biochemicals, and
anumber of different granules are also present [85].

Two unbranched polymeric chains of deoxyribonucleic acid (DNA), with each strand comprised
of alinear sequence of nucleotides on its own sugar-phosphate backbone and joined to the other
strand via hydrogen bonds between complementary nucleotide bases on opposing strands,
constitutes a single molecule of duplex DNA, aka. double-stranded DNA or “dsDNA”. (A
nucleotide has three parts. (1) a nitrogen-containing pyrimidine or purine base (A, C, G, T), (2) a
five-carbon deoxyribose sugar, and (3) a phosphate group that acts as a bridge between adjacent



deoxyribose sugars.) Besides the hydrogen bonding between base pairs (bp), dsDNA is also
stabilized by van der Waals forces and by hydrophobic interactions between the nitrogenous
bases and the surrounding sheath of water. Each very long molecule of dsDNA, forming the
familiar ~2.3-nm-diameter [86] double helix, constitutes a single haploid genome whose length is
measured in base pairs (pairs of complementary nucleotide bases, one on each strand of the
duplex). The second column of Table 1 lists the number of base pairs per copy of each haploid
chromosome found in the human nucleus. There are two copies of each haploid chromosomein a
diploid chromosome pair, and there are 23 diploid pairs in a human genome, so each nucleusin a
human cell contains 46 haploid chromosomes or 23 diploid chromosomes with a total duplex-
DNA contour length of ~2 meters (at 0.335 nm/bp [87, 88]). The DNA contains the genes of the
cell, and all 25,000-30,000 human genes [89, 90] are represented, though not expressed, in each
nucleated somatic cell.

Each chromosome in a human nucleus includes a mass of protein roughly equaling the mass of
the DNA. Thereisvery little, if any, free DNA in the nucleus. Chromatin isthe complex of
DNA and protein in the nucleus of the non-dividing (interphase, non-mitotic) cell. The chromatin
takes two forms. Euchromatin, which is dispersed and loose, occupying most of the nucleus, and
in which genes are being expressed; and heterochromatin, which is densely packed or
“condensed”, and in which genes are not being expressed. (Fully condensed mitotic
chromosomes are transcriptionally inert, as cells virtually cease transcription during mitosis.)
Both forms are present in living cells during interphase. In its most relaxed state, euchromatin
resembles a network of bumpy threads weaving their way through the nucleoplasm.

Table 1. Number [90] and displacement volume of base pairs
and chromosomes in the human genome
Number of Displacement Volume of
Chromosome Base Pairs per Haploid Chromosome
Number Haploid Copy Including All Protein
(bp) (micron®)
1 245,203,898 0.8386
2 243,315,028 0.8321
3 199,411,731 0.6820
4 191,610,523 0.6553
5 180,967,295 0.6189
6 170,740,541 0.5839
7 158,431,299 0.5418
8 145,908,738 0.4990
9 134,505,819 0.4600
10 135,480,874 0.4633
11 134,978,784 0.4616
12 133,464,434 0.4564
13 114,151,656 0.3904
14 105,311,216 0.3602
15 100,114,055 0.3424
16 89,995,999 0.3078
17 81,691,216 0.2794
18 77,753,510 0.2659
19 63,790,860 0.2182
20 63,644,868 0.2177
21 46,976,537 0.1607




22 49,476,972 0.1692

23 (X) 152,634,166 0.5220

23 (Y) 50,961,097 0.1743
Haploid Totals:

Female (X) 3,019,560,019 10.3269

Male (Y) 2,917,886,950 9.9792
Diploid Totals:

Female (XX) 6,039,120,038 20.6538

Mae (XY) 5,937,446,969 20.3061

The proteins associated with chromosomes are of two types. Histones and nonhistones.

Histones. Chromatin is composed of roughly equal amounts of negatively charged DNA and
globular histone proteins (basic proteins that carry a positive charge at the normal pH found in the
cell [85]). DNA is bound to the histones through €electrostatic forces between the negatively
charged phosphate groups in the DNA backbone and positively charged amino acids (e.g., lysine
and arginine) in the histone proteins. Five classes of histones were originaly characterized, based
on their relative proportions of lysine and arginine. H3 and H4 are the most conserved proteinsin
all of evolution. H2A and H2B have some species-specific differences. These four histone types,
called the core histones, are small proteins, typicaly 11-15 kD. Then thereis H1, actualy a set of
several rather closely related proteins with overlapping amino acid sequences. The H1 “linker”
histones show appreciable variation between species and even between tissues, and apparently are
entirely absent from yeast. Among histones, H1 is the largest, about 25 kD [87]. Histone
proteins are sometimes modified by the addition of acetyl, methyl, or phosphate groups, altering
the strength of the bonding between the histones and DNA. Such modifications are usually
associated with the regulation of biological processes such as DNA replication, gene expression,
chromatin assembly and condensation, and cell division [88].

The core histones are organized into ellipsoidally-shaped histone octamers. In human cells a
short ~200 bp segment of dsDNA (~67 nm contour length) is coiled around the curved surface of
each octamer (like a solenoid winding), completing about 1.8 complete turns. Each histone
octamer is composed of two copies each of H2A, H2B, H3, and H4, the core histones.
Stoichiometrically, the core histones are present in equimolar amounts, with 1 molecule of each
per ~100 bp of DNA. H1 is present in about half the amount of a core histone (i.e., 0.5 molecule
per ~100 bp of DNA) and lies external to the particle, since al of the H1 can be removed from
chromatin without affecting the structure of the particles. The DNA+histone particles, called
nucleosomes, are the fundamental units of chromatin, connected like beads on a string by a DNA
molecule that winds around each of them. Approximately 166 base pairs are bound to the
nucleosome (~146 tightly bound to the core particle and the remaining 20 associated with the H1
histone), while the DNA between two nucleosomes is called the linker segment and includes the
rest of the ~200 bp. The average cell nucleus contains 25 million nucleosomes, each ~6 nm tall
and ~11 nm in diameter. H1 is dynamically associated with chromatin, with each H1 molecule
binding chromatin for ~1 minute, then falling off and freely diffusing through the nucleoplasm
until it encounters another binding site [91]. The core histones typically reside on chromatin for
several hours [92].



The predicted mass of the nucleosome is 262 kD, with a protein/DNA mass ratio of ~1. This
mass includes ~200 bp of DNA of mass 130 kD, a histone octamer consisting of two H2A at 28
kD, two H2B at 28 kD, two H3 at 30 kD, and two H4 at 22 kD (giving a 108 kD octamer), plus a
single H1 at 24 kD. The experimentally measured mass is usually in the range 250-300 kD, with
aprotein/DNA ratio of up to ~1.2; the additional variable protein amount represents small
amounts of nonhistone proteins (see below) associated with the nucleosomes.

Nonhistones. The nonhistones are all the other proteins of the chromatin, presumed more
variable between species and tissues, and they comprise arelatively smaller proportion of the
mass than the histones. They also comprise a much larger number of proteins, so that any
individual protein is present in amounts much smaller than for any histone. The nonhistones
perform functions concerned with gene expression and with higher-order structure. RNA
polymerase may be considered a prominent nonhistone. The high-mobility group (HMG)
proteins are a discrete and well-defined subclass of nonhistones, at least some of which are
transcription factors. HMG proteins also exhibit stop-and-go binding to chromatin, but with a
residence time of only seconds and with a significantly larger unbound fraction [93]. Since some
nonhistone proteins are more durably bound to the chromatin, many of these too will be extracted
and replaced in the nucleus by the chromallocyte during the chromosome replacement operation.

If each nucleosome occupies a cylindrical volume of ~570 nm?® per 200 bp, and if associated
nonhistone proteins increase this volume by up to an additional 20%, then this yields an estimated
684 nm? of histone+nonhistone protein volume per 200 bp of DNA. Applying this estimate to the
base pairs present in each human chromosome yields the per-chromosome and total volume
estimates listed in the third column of Table 1. Note that while nucleotide bases in living cells
are sometimes modified by the addition or alteration of chemical groups (most commonly, by the
methylation of the 5 carbon atom of cytosine), only 2-8% of the 5’ cytosine carbon atoms are
typically methylated in vertebrates — an amount of methylation which in human DNA would
change the average base pair mass by less than 0.07% [88].

The fact that individual chromosomes in decondensed euchromatin cannot be readily
distinguished in the nucleus except by direct chemical inspection underlies the logic of
chromosome replacement therapy (CRT). Rather than attempting to exchange a single
chromosome among the 23 diploid pairs or to repair a specific base pair sequence on a specific
chromosome strand (Section 6.8), CRT does not attempt to sort through or chemically scan
individual chromosomes in situ, but simply exchanges them all at the same timein asingle
replacement operation.

The displacement volume of old chromosomal material to be removed from the cell nucleus by
the chromallocyte is taken as 20.654 micron® for the slightly larger chromatin load that is present
in the typical cell nucleus of ahuman female (Table 1). Additionally, the mass of the RNA
present in the eukaryotic cell nucleus is taken as ~10% of the mass of the DNA — thereis ~10
times more RNA than DNA in the human cell [39zz], but most of this RNA is present in
extranuclear ribosomes (incorporating rRNA) and tRNA with only ~3% of cellular eukaryotic
RNA present as mRNA [87], of which we assume perhaps one-third is intranuclear, given the
typical >30:1 cytoplasm/nucleoplasm ratio. Much of the intranuclear RNA consists of nascent
chains still associated with the template DNA. Conservatively adding the entire nuclear RNA
volume of ~28.5 nm?® per 200 bp (~0.86 micron® for the cell nucleus of a human female) brings
the total displacement volume of material to be removed to ~21.5 micron®, which includes 9.46
micron® of DNA/RNA and 12.04 micron® of protein. The empirical buoyant density of DNA is
I ona = 1.660 + 0.00098(GC%) gm/ci®, where GC% is the fractional GC nucleotide content
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expressed as a percentage [87]; GC% ~ 42% for mammalian DNA [87], hencer pya ~ 1.70
gm/cm®. Chromatin buoyant density is ~1.40 gm/cm?® [94], so the density of chromosome-related
protein is ~1.10 gm/cm?®, hence the total ~2.93 x 10! gm of chromosome-related mass to be
removed from the typical human cell nucleus includes ~1.61 x 10! gm of DNA/RNA and ~1.32
x 10™ gm of protein.

If the displacement volume of new chromosomal material to be delivered and implanted into the
cell nucleus by the chromallocyte is conservatively approximated as the same ~21.5 micron®, then
an estimate of the required nanorobot onboard storage capacity requires knowledge of the
maximum chromatin packing density that can be achieved. Chromatin in living cells is most
compact during mitotic metaphase — metaphase chromosomal density is typically 0.043 gm/cm®
in plants and animals [95] and 0.081 gm/cm?® in humans [96, 97], giving packing densities relative
to chromatin buoyant density of only 3.1% and 5.8%, respectively. Similarly, dividing total
chromatin volume of 21.5 micron® by the average volume of the human nucleus [394] of 268
micron® gives an 8.0% packing density for in vivo euchromatin. However, a density of 0.530
gm/cm?®, a natural 38% packing density, has been reported in pre-extrusion hen erythrocytes [98].
Duplex DNA packed into the viral capsids of bacteriophages occupies about twice the excluded
volume of the free double helix which gives a packing fraction of ~50% [99], though this figure
might not be considered strictly comparable to the others because the viral material lacks the
associated eukaryotic proteins. For such proteins, we note that natural protein-interior packing
densities are typically ~60%-85% [100] and the volumetric packing factor of closely-packed
spheres of equal radius is (3p%/64)Y2 ~ 68% [101]. For convenience in this scaling study, we
assume that a comparable chromatin packing density of fp.ing = 54% (49%, if MRNA is
excluded) can be achieved while preserving chromosome integrity and while leaving sufficient
protein-associated water to avoid denaturation (possibly including small amounts of extractable
stabilizers [102]). This gives a required chromallocyte onboard storage volume of 40 micron® to
transport a single complete set of human female chromosomes including all genomic DNA and
appurtenant proteins. Note that the volume of chromosome-related material in the nucleus which
is to be exchanged may vary slightly from cell to cell depending upon various factors such as
cytotype, cell cycle status, local protein synthesis activity level, and so forth.

2.3 Nucleolus

Several subnuclear organelles are known [103]. The largest and most prominent is the nucleolus,
a highly coiled structure associated with numerous particles but not surrounded by a membrane
[104]. The nucleolus is a ribosome-manufacturing machine: assembly of precursor ribosomal
subunits within the nucleolus requires ~1800 sec, while the complete assembly of alarge
ribosomal subunit (needing only protein to make a completed ribosome) takes ~3600 sec [70].
The nucleolus is composed of DNA, RNA, and proteins. It also has a granular component (each
granule ~150 nm thick) and a fibrillar component, and a variable internal structure [104]. The
granular component consists of ~15-nm particles that are ribosomal subunits in the process of
maturation. The fibrillar component consists of rRNA molecules that have already become
associated with proteins to form fibrils with a thickness of ~5 nm. The size of the nucleolus
correlates with its level of activity. In cells characterized by a high rate of protein synthesis and
hence by the need for many ribosomes, the nucleolus can occupy 20-25% of nuclear volume (3-5
micron diameter in a 20-micron cell), mostly comprised of the granular component. In less active
cells, the nucleolus is much smaller — as small as 0.5 micron in a mature lymphocyte [104].
Nucleoli are frequently located at or near the nuclear envelope, adhering directly to the nuclear
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lamina or attaching to it by a pedicle. In nuclei having a centrally located nucleolus, the nuclear
envelope is folded to form a nucleolar canal that isin direct contact with the nucleolus [104].

Most human nuclei contain only one nucleolus, except for hepatocyte nuclei which may contain
more than one nucleolus [55]. The number of nucleoli in a eukaryotic cell nucleus normally is
determined by the number of chromosomes with secondary constrictions, or nucleolus organizer
regions (NORs). The human genome contains five NORs per haploid chromosome set, or 10
NORs per diploid nucleus, each located near the tip of a chromosome. However, instead of 10
separate nucleoli, the typical human nucleus contains a single large nucleolus representing the
association of loops of chromatin from the 10 separate chromosomes with NORs. The DNA from
the remaining diploid chromosomes is distributed in specific regions throughout the nucleoplasm.
During mitosis, the chromosomes condense into a more compact form and the nucleolus shrinks,
then disappears altogether. A cell undergoing mitosis thus has no nucleolus and synthesizes no
rRNA. Once mitosis is complete, the nucleolus reappears. During CRT, appropriate molecules
are released into the nuclear interior by the chromallocyte to compel the deconstruction of the
nucleolus without triggering mitosis or apoptosis (Section 5.2).

3. Chromallocyte Structure and Function

This Section describes the basic structure of the chromallocyte including all important
subsystems. For computational convenience in performing this scaling study, the constitutive
equations assume only circular or rectangular component geometries. The anticipated nonangular
and noncircular surfaces in the actual nanorobotic device (e.g., curved hulls, rounded corners,
etc.) will cause minor deviations from the calculated sizes and volumes reported here but should
not significantly affect the overall design.

3.1 Overall Nanorobot Structure

The chromallocyte (Figure 1) is a lozenge-shaped motile cell-repair nanorobot having an
estimated external (displacement) volume of 69.250 micron®, a minimum (non-distended) surface
area of 102.778 micron?, an unloaded “dry” mass of 80.239 pg (incorporating ~4.0 x 10* atoms
of nanomachine structure, mostly diamondoid) and a fully -loaded mass (including “wet” cargo)
of ~109.5 pg. The nanorobot measures 4.18 microns wide, 3.28 microns tall, and 5.05 micronsin
length, with a maximum transdevice diameter (along a rectangular prismatic diagonal) of 7.33
microns. These values are the result of a simultaneous partial optimization of several important
design constraints as described below.

Figure 1. Artist’s conceptions of the basic chromallocyte design: early sketch of device with
mobility grapples extended (left); devices walking along luminal wall of blood vessel (right).
Image © 2006 Simulacra LLC (www.stimulacra.net) and Robert A. Freitas Jr
(www.rfreitas.com).
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The transdevice diameter for free-floating bloodstream nanorobots [39b] is normally limited to ~4
microns to avoid trapping in the smallest-diameter human capillary vessels [39c, 404].
Chromallocytes are not allowed to free-flow and are restricted to vascular surfaces when
traversing the bloodstream, both during infusion and extraction from the body at the end of the
mission (Section 5.2). At 69.250 micron® they remain smaller in volume than either erythrocytes
(~95 micron® red cells) or granulocytes (~1000 micron® white cells) which regularly traverse the
microvasculature. Cell intrusiveness [40c] is acceptable since these nanorobots are less than 1%
of typical tissue cell volume, though up to ~25% of nucleus volume.

Figure 2 shows the general structure of the chromallocyte nanorobot. Taking the device's
lozenge shape as a rectangular prism of external dimensions Xgq, Y o¢, and Zo With hull wall
thickness t,;, then the interior dimensions are X = Xo¢ — 2thun, Yine = Yot — 2tha, and Ziy = Zeg
— 2th. This gives an externa volume of Vs = Xt Y otZed, @n internal volume of Vi =
XintYinZin, and an external surface area of Soq = 2(Xet Yot + XotZot + YocZed)-

Figure 2. Block representation of internal layout schematics for the chromallocyte with Xeq =
4.18 microns, Yeq = 3.28 microns, Ze; = 5.05 microns. For clarity, all features are not shown in
every image.
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3.2 Proboscis Manipulator

A single large axially-positioned manipulator called the Proboscis, of length Lp,q, and outer
cylindrical radius Reyon, IS Used to collect old chromatin from the nucleus and later to transfer new
chromatin from the nanorobot internal storage into the cell nucleus by conduit flow. When
stowed and not in use, the Proboscis resides in a large silo of length L ponsiio @nd outer cylindrical
radius Rerobsiios with a silo wall thickness terobsilo = Rerabsiio — Reron and with Lprobsiio = 1.25 Lpgp tO
accommodate elevator motors, gearing, power connections, and so forth needed to control and
drive Proboscis motions. Assuming the available mechanical energy density of this support
machinery [39d] is dyower ~ 10° W/m® and taking Lp,g, = 4 microns and Rergp, = 0.55 micron, then
the maximum mechanical energy nominally available to drive Proboscis motions is Epgpvech ~
(0.25 Lprop) (PRprot) Chower = 950 pW which can be provided by onboard power systems (Section
3.6).

The Proboscis is a manipulator similar to the class of telescoping manipulator [39¢] originally
described by Drexler [51d], except that the Proboscis contains no telescoping joints. Instead, it is
constructed solely of pairs of canted rotating joints arranged such that their relative rotation
produces a change in angle of the manipulator. Some length change can be provided by the
rotating joints, but Proboscis extension beyond the nanorobot hull perimeter is controlled
primarily by the elevator mechanism in the silo. The Proboscis has relative dimensions similar to
those of the grapple shown in Figure 4 and is also driven by the forced rapid rotation of internal
drive shafts. But the Proboscis has a smooth cylindrical exterior surface and a hollow interior
conduit of radius Regpine = 0.50 micron to accommodate an outflowing semiliquid chromatin
payload, and terminates in an irising valve that may be opened to allow outflow or closed to
prevent entry of environmental fluids into the nanorobot interior.

During initial use, the Proboscis is extended outward from the slightly convex prow of the
nanorobot into the nuclear interior. Presentation semaphores [39f] on the external surface of the
manipulator are rotated to their chromophilic (chromosome-binding) position, producing alarge
adhesioregulatory surface [40b] to which chromatin will strongly adhere (see below). Since the
typical tissue cell nucleusis ~5 microns in diameter and the front end of the nanorobot is slightly
inserted through the nuclear envelope into the nucleoplasm, a Proboscis of length Lo, = 4
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microns provides an essentially complete trans-nuclear reach in nuclei of normal size (see Section
6.5). Penetration of the opposite wall of the envelope is avoided by employing an apical-mounted
sensor that detects the presence of a resistive lamin-mesh membrane, halting further extension of
the manipulator. Additionally, smaller adhesioregulated chromophilic tines may be laterally
extruded from helicoid silos in the exterior Proboscis wall producing a muricate surface
resembling a sticky bottlebrush. This enlarges the effective chromophilic volume that is attached
to the manipulator and thus increases the number of potential binding points between Proboscis
and chromatin strands, reducing spool time. The spiny Proboscis is then slowly rotated and
laterally gyrated, spooling any detached chromatin present inside the nucleus into an €ellipsoidal
bolus wrapped around the manipulator. The bolus is subsequently withdrawn from the cell by
envelopment within a telescoping funnel assembly (Section 3.3) that is sealed, then retracted,
forcing the old chromatin into vacated vault volumes as the new chromatin flows out into the
nucleus through the Proboscis interior conduit.

A crude estimate of the power requirement for Proboscis rotation during spooling of the
chromatin bolus is provided by the Stokes drag power P = 6p?Rv? for spheresin fluid, which
generally gives higher values than the more complex Lighthill drag power formula for cylinders
tranglating in fluid, for this geometry [39h]. At the inception of spooling, a Proboscis of radius R
= Rprop = 0.55 micron is conservatively assumed to be inserted into a packed-chromatin-like fluid
of absolute viscosity Peomain = 5 X 107 kg/mr-sec (Section 3.4) and rotated at a frequency of ? Hz
with atangential velocity of v = 2pR?, giving a starting drag power of Pga: ~ (6200 ?%) pW. Near
the end of spooling, the Proboscis plus an attached bolus (presumed spherical) of radius R ~
Whaud/2 = 1.61 micron (Sect