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Learning Goals

This paper will introduce the reader to the concepts ol
minkatunzation of mechanical devices that improve health which
is termad " nanotechnology, ®

Learning Objectives

After reading this artiche the reader should be able to:

i. Define the term nanotechrology.

2, Describe three posslble applications using the concepts of
nanatachnology.

Describe an easting applicaton of nanotechnology.

4. [List possible negative consequences possible from wse of
nanctechnology devices.,

L

Introduction: Future Scenarios

Case 1; Mr. Smith is an 80 yvear-obd mon who had his first
heart attnek at the age of 40, Bince the day he received
emergeney treatment for that myocardial infarction, he has
mot lnd omother pnginal attnek.  He sl recalls the day be
arrivid in the emergency room gaspling for air, sweating ond
fenring for his life. A oew breakihrough rechuology was
avallable roocwre Mr, Bmich of his conditlon, Surgeons needed
aatly to inject very small devices programmed o chew away at
the athorosglorotic deposits, restoring the areery walls amd
linings back o their origingl state of health. Now Mo Smich
aibfs spend gualicy time with hig grandehildren without worre-
ing aboot having another heart attack.

Case 2: Ms JJohnson goes 1w her doctor For a routine
chechup. As part ol the checkup, the dootor takes a look at her
throat and asks her vo gandle a solutlon and spie it inge o cup
He nnalyzes the sample in his “cell analvzer” and a diagnosis
appears on his computer sereon within minwes, She hos a
malignunt coneer of the thront. The doctor proceeds to further
analyze the cells. i aboor cwenty mimates, the computer
serecn tells him thae they are all of one type thot can b
recognized and destroved by tiny molecular machines primed
tor nitnek those porticolar type of cells.  He has his “gell
analyzer” produce soms Immune machines and tests them on
the cell sumple and, as expected, they worked murveloasly.
The doctor produces more and gives Ms, Johnson o throat
spray for the enncerous cells in ber throat amd an injection for
any cells that may have metastasized elsewhere, Fe advises
her o chech bock in three weeks just o omake sure chat
everyvihing las cleared up.

Case 3 Little Joey b= five venrs old and has A1DS that was
contrpcted from hizs mother. Doctors have tricd the ATDS drsg
cocktails, but the side effects were too moch for bim, He was
Lo sioh to enjoy the life of & Hode boy, A new treatment i
finally available which consists of immune omchines. Thess
tny subaarine-ltke robots travel throoghoue the body search-
ing for the HIV and destroving it. Joey drinks a pleasant tnsting
svrup and doctors manltor his progress. Within a few days, the
litehe booe's vimal lomd drops significantly towndetectable levels.
He is moow Hving his life &= a beakthy Dk oy plaving with his
friends at schoal. It is m'll].' o mntter of tHme pnd .1=|.'||.1x-|:|:|1.|u:|.l
treatments before these immune machines rid his body of all
HEY.

The treatneents in these seenirios all seem o coma st of
some sclence fiction novel where the heroie littbe rolsots enter
sour blesdsirenm to destroy evil viFuses, bactara and cancer
cells (Figore 1)." 1t soamds futoristic and even farfetched, b
a new wohnelogy lkas emerged thar moy moke tese treat-
ments become renlity.  This technology is known os
piandstec hndalogy

Small, small world

MNanotechnology has bees defined as the thorosgh, inex-
pensive control of the striscture of matter based on molecule-
by -molecule contiod of prodwcis and byproduces; the products
and processes of molecular manufacturing, inchuding moleco-
far peachinery.! Manotechnology deals with objects In the
nane-senle {nanometer = 1k* meter or V1000 of o micron).
T ghve a sense of lhow small things are, the following oo seme
enrities and their avernge sizes: o notarnd red blaod cell i=a
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i Table 1. Small World:
The size of things

Component Approximate Size
Azern Diameter {Carbon) 015 nm = 1.5 Angtram
Wavelength of X rays and electrons . Tom

Diarmetar of DMA double strand 2nm

Predein 10 nm

Wasslangth of viible light 400 - T nm

Call 1000 i = 1 m

Red bload o=l 7 gire {width)

{atagted from Dr, Aristides Requicha, Drector of Laboratory of
Molecular Robotics st thi University of Southern Calitomia)

7.82 micron by 2,38 mieron biconcave disk and the dimmeter
of & eapillary randes from 3.7 to 8 mivrons.” Table 1 shows a
few more items along with their relative sizes. In order for a
nanomachine to work within the bogly, ig maust be smiall enough
to travel through the bloodstream in the smallese capillnries.
The parts used to build the moleculnr mochine are even
smaller (Figure 2), composed of individual atcoms.*  This
technology combines chemistry with engineering to bulld
products at the moleculnr and atomie lovel.  Mocroseopic
machines often wse rotating shafts ond genrs o drive motion,
Medecular machines con do the same and use parts in wiys
that ahlde by conventional engineering proctioe (Figure 3}

Int n broad sense, the main belief of nanotechnology is that
mearly any chemically stable strueture con be buile. Tt ks a
manufacturing technology that could give complete, inexpes-
give control of the structure of matter.” [n other words, the
process would assemble matter one atom at a time. Richard
Feynman, whowon o Nobel Prize in physies, first proposed this
prospect in 1959, K Erie Drexler further proposed how this
techiology works. He presents the coneept ol & universal
pssembler {Figure 41, o deviee that eontains a submicroscopic
pobotie prm under the control of 8 computer.” This assembler
enn hold and position atoms of reactive compounds in a
precise location, which should allow the eonstruction of larger
atomically precise objects.* So, what does this have o do with
medicine? With the assembler, more specinlized naneamachines
can be built aisd used in propesed applications in the fiebds of
gerontology, phormnceutical research, disense diagnosis and
immune system supplementation.* Onoe these nanomachines
are built, the future of medicioe may well be injecting &
collection of aanorabors to cure disease and preserve health.
Manomedicine might abolish many known common disaases
of the 21st century and alleviate much medical puin and
suffering” Uneil the first working nonorelot is manufactured,
only theories and hopes con be shared, Table 2 shows a purtial
list of theoreticnl applications in medicine that bave begn
proposed. Exeept in pharmaceatioal research, none of these
applications have reached the markeeplnee,

Resenrchers  are  already  experimenting  with
naotechnology, Molecular manipulation, a process of aeoving
atoms one al 4 time in o precise manner using a seanning
runneling microscope (ST} oF an atomic foree microscope
{AFM) like the one shown in Figure 5, has been taking place for
a few years. Onanizations from [BM and Lucent to the
Mationn] Science Foundation and NARA are currently investi-
dating the possihilities of nanotechnology ™ New York Univer-
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sty has developed a nano-mechinery protcype using DNAS
An ncreasing portion of present, vinble applications |= fo-
cused speeifically on molecular manipulation found in cells,™
With such progress, the next step will be the first working
assembler.

Medicine Today

For ohvious reasons, medical praceitioners todoy rely mainly
on surgery and drugs o treat flnesses.  Much has besn
aceomplished in the field of medicing, such us surgical proce-
dures to replace failing hearts and drags that kill cancer cells,
[n surgery, the surgeon uses microseopes amd fine instru-
ments to reattach delicate blood vessels and nerve fibers, Yet
this s about as small as it goes, Today's micro-surgeons have
difficuley with finer tissues. The scalpels and swiures used in
surgery today are simply oo big for repaicing eapillaries, colls
and mslecules.”! From a cell's perspective, modem surgery
can seem quite barbario,  “[A] hugde hlnde sweeps down,
chopping blindly past and through the molecular machinery
of # arowd of cells, slaughtering thousands... [Inter], a grear
ohelisk plunges through the divided crowd, dragging s cable as
wide as o freight train behind it to rope the erowd together
adnin.”

Unlike surgery, dig therapy does denl with fner strse-
tures i cells. Drsg moleceles are 5:||rlph.' miolecular tools that
affect specific melesules in colls, Most drugs bind w eertain
receptors on or inside cells to affect a cellubar signal and elicit
a desired response. Yer drugs work without direction. Onee
inside the bodv, they travel throudgh the bloodstream ran-
domly tumbling and bumping sround until they come aemss
a targel molecule that fits.”  Furthermore, binding to the
rarger receptor in the wrong cell may give widesired side
effeors, as exemplified by chemothernpy-induced bone mar-
pow suppression or emosis,

Hurgery is about seelng what is wrond amd planning an
pesion to fix the problem, The ohstacle is chat surgeons weilize
relatively orude tools that connot repair thesue at the mobecu-
Inr bevel. Drugs already affect tssue at the molecular level,
however, they are too simphe 1o sense what = wrong and plan
an action. This is where nonotechnology might ceme in g
lsring the best of both worlds. In the future, sureons may be
ahle o pedform surgery at the molecular level and alter
individual colls, Disease and bad health are largely duoe w
meleenlor nnd cellular damage. Hl'll'lliltl-"l-'hﬂ'lu'-'-'lﬂ'!l’ cold vield
the wols necessary for medicine o intervens in o sophisti-
cared and controlled way at the cellular and malecular level”

This does not mean that we will no longer have o nead for
drugs.  Nunotechnology will not take over drugs, but may
erihance them In preparation technigues as well as delivery

Table 2. Possible Medical Applications |
Gesonlological Applications™

Fharmaceutical Reeanch™

Mechanacally Reverse Atheroaclerosis®

Supplement the Immurs System’

Rewrite DMA Sequences in Y™

Bnverse Cellular Insults Caused by "Irreverile” Processes™

| Cryagenic Storage of Biologicsl Tisues™

bbare Durshle, Rejection-Besistant Artificisl Organs™
intracefular Sensors” |
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Todoy's drag preparation technigues could be improved o
masimize yiold and minimize onwanted chemleal resctions
that produce petentially toxic byvproducts," The resulis of
drug :a.:-'|'|l;1|1_'.=ii,=. depend on “the statistics of uncontrelbed mo-
lecalnr collisions in solwtion involving all |:Hmih-!|.' miiclocilar
degrecs of freedom.™* The chemizt cannot directly control
the molecules to make sure that enly the desired fioal drug
product is obtained, With nanotechnodogy, it is anticipated
that there will be direot procdsetion o the desired drug mal-
wiile withasar any unwanted side reactions, The result coald
b 1000% viesld of hesired dng achieved by precisely position-
ing and placing individual molecubes in such & woy as b
catalyze the desired reaction. ™ Many promising chemnioals
never are devoloped for human use becanse their physical
properties do noet allow foreasy nuenufaciuring of de prodiaces
are masl well shsorbad. For example, many dimigs are not water-
sialuble, which makes them difficult w synthesize and the
solubllization process moy contribwte io ndverse effects. A
technology called “Nononization”™ has been developed v oover-
codiie this aolibilicy problom™ This technique s discossed
later,

The Body: A Collection of Molecules'

In order o wnderstand what nanoechnology ean do for the
flald o medicineg, one muzt view the body irom the molecalar
stanndpoint. From this pespective, te human body i a work
ward, 0 constroetion site and  borleground  dor molecular
mtnchines, The body :||ru||d.:.' has ils own l_'l.lr||.|:l|u'.'|! AvHLuiTs of
maslecular machinery, These natiural madecnlar machines
work on o adnily basis for the body. Whenever you eat, the
maolecular machines that we call digestive enzymes are re-
lensed tiv break down -:.'lll:l:lrlh:x oo mrslecales, i the luigs,
hemaglobin acts a5 molecular storage deviees which gather
oxygen. The proces of the heart pumping blood loaded with
oavgen nnd fuel to cells 1= driven by molecular fibers, Muosele
comtraction iivoelves the sliding of molecular fibers. This is
Juest @ partind lsp of what the bods’s molecular machines
aceoanplish every dav, As o construction sioe, there is e
froveh, henling and renewnl of tissoe, Cells acguire building
Balesabis froem the Boodsiroam and boild Bolagical siruotures
according o the molecular machinery programmed by the
cell's gemes. During an injury, the body knows o do such
repairs as laving down bone and cellagen, budlding new gells,
renewing shin pind healing wounds,  The body is also a
bartlefield when it comes o being attacked by external enti-
tivs such ns bacteria, viruses and parasites. To confront this
Invasiomn, thie bidy sammons the army of molecalar machines
collectively Knowi as the inimane systen.

The human bosdy uses ks own sophisticated system of
medeeulnr machines to proseryve health, but sometimes filure
areurs whether it bs through daomage or an Inborn defect
Sometines people are born with o missing or defective genetie
eode,  For example, in museular dvstrophy the moleculs
dystroghin is missing which leads 1o gradual replicement of
musche with sear tissue and fat,. Even withour a defect or
damnge, some systemns still fail. The immuone sysrem does nor
respond o all inviders and sometimes the response = inad-
equate.  Then there are times when the mmuse gystem
overreacts o attack cells chat shoubd be left alone. Examples
include nutoimmune diseases sueh as rhewmatoid arthritis,
lupuiz and rheumacic fever. The iImmune svstem, althongh
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Figure 1. Nanomachines

These nanorabatd ravel theaugh the boodstream in seanth ol
fareign Invaders. The closest ore has foursd a virus. The jodnt of
ane rabat has been enlarged and that jaint is enlsrged ta shaw a
nanapear, & mebecular part

Beprinted with permission from Scientific American, The Institute
af Malecular Manulaciusing and lames Gary

grent system of molecular machinery, sometimes fails o
distinguizh berween when and when nor o aitack,

Nanotechnology seeks o correct the mishaps thot may
aecur in the human body, By piomaring the body from a
molecular polnt of view, ninotechnology can produce ma
chines that niimic natural machines that may be damaged or
defective and supplement 0 svstem of mochines like the
imprmne svstem.  Nanotechnology will allow dhe ereation of
flects of computer-controlled molecolor tools considernbly
smalier than a cell that are builc wich the accuracy and
preeision of dimg molecuales.” They conld remove obstroctions
in the circulatory sysrem, destroy cancer ecells and invaders,
provvicle axviben when oar own cireulntion is impoired® or ke
ower suboellular ordanelle function. [n the futere, wo may seo
an artifleln] mitachondrion.’ This brings nhout a whole new
view of how medicine shoold work vo cure disease and jore-
serve health

Inspired by Nature

At firse, it may he difficult to comprehend nnnomedicine.
Wihiat i this vechnolegy based on® The plavsibility of this
technology ean be depicted by nonomachines that oceur in
natuwre, They can be as simple as bacteria or as complex as the
ribosome. There are hacteria that have simple helical rods of
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Figure 2. Simple pump.

Reproduced with parmisian from the Institufe of Malecular
Marufacturing, weesimm.ong and Xerox PARC, Daesign by K. Eric
Dwealer and Radph Merkle

protein that rotate based on a variabibe speed reversible mo-
tor.'®  These rotary siotors can serve s g Moeprin for a
namorabor part, The more complex Fibosomes manufaemin
every protein that we know in living chings, The size of a
typical ribezome is g few thousund cubie danomerers? Dhe-
spite its relatively small size, the ribosome has the capability
of bulbding nearly any protein by pssembling amine acids in a
precise linear arrangement based on the instructions pro-
vided by messenger BNA (mANA) and geabling the spocitle
transfier RYA (e RNA T chemioally bonded by a speclfic enzyme
to thee specific amino ncid,!

The proteins made by the ribosome are also one of nature's
machines, Proteins have n mojor rule in ereating and support-
ing cellular function. They search the body for defects,
inporporate  themselves o form larger structures, modify
imeoaning stimuli inte practieal information and sdjust them-
sebves 1o adape to the conditions of the sk Exgvmes are
naturn] medecolor machines tun catalvze reactions in o spe-
cifie manner by precisely orienting individual reactant mol-
eopbes from the surrounding environment. '

In a =imilar manner to that of & ribocoome manufomniring o
protein, an mssembler will build an arbleeary molecular strse-
ture hased on a serles of instroctions. 1t will have full control
over the molecular component being added to a8 growing
coanplex strucoure anplogous to the individual amine acid
heing ndded 1o the growing pely peptide. Like the mRNA thos
ribosomes require io control fts petions, the assemblor will
requite @ specific seres of contesl signals provided by o
molecular compurer.™

Cell Repair Micromachines™

I we can view illness, aging and injury as caused by
misnrringed pattems of atoms, then the concept of using
devices able v renrmnge atoms buek to their notoral bealoy
state = not hord to grosp. Cell repair machines would neces-
aarily be similar in size to bacterin and viruses, vet they would
hove to be much more complex.  They would enter colls
similar 1o the way virses do, being able o peretrace gell
membranes. Onee inside, the maching would inspeet the
contenis and activity of the cell awd then take sction if
necessury. The repair mechine ks Hhely tobe able (o recognize
and correct modeenlar disorders such as an engvme deficieney
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Cell repair machines may b goided by o mieron-wicde
mechonicn] computer that fits in 1000 the volume of a
typical cell, yer contaln more information thon the cell's
entire TNA. This nonosemputer would tnsorict smaller and
simpler coinputers 1o dircet machines to examine, tnke apart
and rebuild imprired molecular seruetures, This compater is
conceptual at thiz point and requires miniaturization beyond
our cuarrent cnpahilities,

The following excerp from Drexler may help one visuabize
n cell repair machine: “|llmadine .a cell - enlarged uniil
atoans are the sizge of small marhles, On this seale, the repair
machine's smallest tools hove tips about the sizge of your
fingertips; a medivm-sized protein, like hemoglobin, is the
slze of p typewriter; und a dbosonee is the size of 3 washing
machine, A single repair device contnins o simple computer
the size of n smonll truck, along with many sensors of protein
size, several manipulators of ribosome size and provisions for
memory and motive power, A tofal vaolutte len maters Across,
the size of o three-story ouse, holds all chese ports and more.
With paris the size of marbles pneking this volume, the repalr
mnchine ean do complex things."”

Existing moleculnr machines in nature demonstrate the
ability to traviel tireugh dssue, enter cofls, recognize molecu-
lar structures and repair damage o o certain exoent,  Cell
repair machines may be able (o improve on nature s illes-
rratidd by DN A repair. Cell repair eneyvmes can already deoeet
und correet brenks and erosslinks in DA, However, in order
ro goFreet mutations, the enevme reguires the capability oo
read. Buch repair machines are lacking In nature, but can be
huili with nanotechnolegy, The repwir maching could com-
pare o DA steanad ve otler strasds, ong segment ac a time and
e when a nucleotide fuibed o motebe 1o addiden, the
nuichine could change the wroag nueleotide to e that
miatcles the other [N A strnmads anad thus repair the mutation
The machine can compare DNA from severn] cells, make
corrected coples and use these na a bosis for [I:I'l.ll.lrrt'ildjl'l.,f: sl
correcting DNA. Additional repairs may reguire other infor-
matlon about healthy cells and information on low a specific
clamnged sell differs from the normal cells

Cosmetic Nanosurgery*'

Asicle from the evident medical goals of maineaining health,
nanotechnology could be used by people to satisly their
vanity. ¥ One moy wish o change the size of tholr bady,
beoosme taller or even remodel the shape of their shull. The
alterntion and enhancement of appearance or cosmetio
manosurdery may be an applicstion for nanocechoology ™
These applicetions range from changing vour hair color per-
mancntly and preventing tooth loss o treating baldiness and
wrinkle removal, Changing the celor of the kair, eyves and skin
could be done by a group of basie nnnomachines thot persis-
tently regulates the productien and delivery of melanin, [t
wioiild zimply recognize and bind eo some structure within che
melnnooyte nnd influenee melaiin formation. A nanomachine
could have the ability to restart hoir groweh in follicles to preat
baldness. In contrast, wndesirable hair could be removed by
externally applied nanomachines that ntach themselves o
the huirshalt and convert the hair (o vapors. As for wrinkle
ropalr, total shin rencwnl might be achieved with fully capable
cell repuir nnpodevices, When sanotechnology arrives, it moy
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correct the genetics behind footh loss ™ Teeth moy be
constrscted with ntonie precision nmd could be made stronger
and more durable, The technology may go as for os replacing
the entire jnw and teeth with a diamondoid matrix®
Manodevicos could do what the plistic surgeon does bt
veithanst the pain and broising *

Bevond vanity, accident victims and people disfigured by
birth defects are plll:n:n::iu.| heneficiaries of |l:|||ﬂb11l'ﬁ|.'!':-'.""
Vietims may reguire regenceraton of crushed, burmed or
severed body paris, Achicving these goals is fir more complex
than using nanodevices that turn on ond off o few existing
pfenes ar by moking nnad inserting additionn] genes.  Accom-
plishing these goals meguires an understanding of how o
program living tissues to make the desired macroscoplo strwe-
tures. Meanwhile, It ls necessary for a means of nssuring thae
the process of overriding |1-'r|.-:.'|:|.l|||!:',,_ talisral, |I.1l.ll'|.'l|'|l’.l,|.':il|1l.'l:h.‘
programs goes well.  For those who have suffered mossive
reauma, nanamanidaciured medicnl devices could be of value,
The capability o direct ool growth and division, along with
the ability oo direct tlzsoe organization mny I :lﬂuqu:lw [£F]
reprodoce entire ofgans amd limbs,"™  This may belp the
problem of the world's shortage of organ denations*

MNanorobots®

This scetion deals with the conceptd of a nanorebot and
discusses jts thearetical characteristies as well as other issues
of gopgern, Like the micromachines depicted in Figure 1. the
size of & nanotobot is anticipated to measure perhaps 0.5-3
mierons In digmeter in order for it v Gt in the smallest
capilleries. The robot would be assembled from nanescale
paarts Fanging in size from 1=1(K} nanometers (omb. It is
psmic] that carbon will be the primary clement, due o bts
cremendoes strengeh and chemicnl inertness, and it will be
oriented in the form of dismond nanccomposites,  Other
wlements that have potential inclode |'|3.'|J:r|.u!,|.-|:|- auilfuir, xy-
gen, and nitrogen,  These light clements would be used for
spocialized soructures snch as the nonogear | Figure 1), Sineo
no petund working nanorobot has baen buile ver, we ean only
imagine what one may look Hke, As stated earlier, the size of
a nanasbevice that eravels within the bloodseream would be
abour S00-3666 . Those deviees chat do not travel in lood
bt im tissoe may be as lorde as 50- 100 microns or even larger
if they travel in the bronehial tree of the lungs, Depending on
where these nnnorobots are uwsed as well as thelr speeified
duty, there will be many different sizes and shapes

Do to the small size of nanorebots, a tvpleal therapeutic
dose may gontain from & fow million to pbowt ten trillion
inafividhan] devices, depesding on the treatment type. The
rowte of administration would likely be via injection for a
trplen] nonomedical preatment dealing with, for instanee, o
bacteral or vieal infection, [njecting n minor dose of 3 cm’
wopld not be prrticularly invasive sinee te adualt amoan baody
lini= & blood volume of approximacely 3400 cm®, Getting them
inin the hody 15 quite simple. Retrieving them from the bady
mav be just as simple.  Those devices designed to fall apart
after they complete their sk would be readily removed
through the usual human excretory processes. (thers can be
desipned to allow ready removil vsing various methods in-
cluding & specialized contrifugation apparatus,

Another impaertant area to address is how these nenodeviees
nre powered and controlled inside the body, Power could be
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supplied i the form of gucose and oxyvgen metubolized o
encrgy.  Another appronch is supplying exoornal acoustle
power. Communicating with the devices once imsicle the bady
camild be done with neoustic messagind using & dovice resem-
blingg an altrasound probe encoded with messages on aconstic
carrier waves at fregquencies beoween 1-10 mwgahertz. Each
panarabot coubd have 2 own power supply, computer and
sensorium.  Onee the messade fron the practitioner was
received through soouscke sensors, the nanorebot would then
compute and exceuie the appropriate reaponse, [n order for
the practitioner to monitor progress, she needs o get mies-
sages hack from the nanodevice. Again this could b dome with
meouslio sgnals,

To affeer different cell tvpes, medical nanorobors will need
o distinguish between the variows cells. Burfuee antigens may
serve as a marker for this purpose. Therefore, wsing chemn-
tactic sensors keved to the specifie antigens mright serve as a
form of detection system. This is important especially if the
itnak of the nanorobot is o delivera drag oo specific cell type
For example, antl-cancer drgs shoald be delivered w0 tumor
cells only. Cmee the nanarobot has identified the tumor cells,
it could release chemotherapeutic agents fraam oatboand tanks
s bl the tsget nmor cells, Furthermore, there may be
anhoard sensors that detect the pmount of circalacing bevels of
g 5o that overdose can be prevented.

Perhaps the main pren of concern for injecting nansrobots
is how the immune gystem will react, The immune system is
primed to react and attack something tlar s eonsiderad
foreign. As mentioned before, these nanodevices might be
made with smonth finwless dinmond surfaces. This nirms out
tin bie bleal as experimental studies hine thar less leukooyie
activity and fibrinogen ndsorpeion acewrs with dinmonmd exte-
riors. The diamond coating i= almost entirely chemically iner
due to bt extremely high surfnee enengy and strond hvdropho-

Figure 3. Molecular Differential Gear.

Reproducad with peemission from the Institute of Malecular
Manufacturing, wewnw.imm.ohg. Design by K. Eric Dreder ano
Ralph Merkle
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Figure 4. Fine Motion Controller
for Molecular Assembly.

Reproduced with permission from the Institute of Molegutar
Manufstturing, wass imm.org. Design by K, Eric Drexler and
Radph Markle.

bicity, lending to miniinal apsonlzation, IF this aloneg does not
render low bdosetivity, netive surfnee management of the
device exterior could be used. For those nanorobots thot nre
atill bissetive, the shore residence time in the body woukd
allow the npplication of immunosuppressive agents during the
treatiment poriod

Perhaps the most serious probloems may be due to the
machine-machine internctions.  To illustrate this problimn,
consider two tvpes of nanorohots thar are jointly repairing
somue tissue, I for some reason, the programming allows oy
At interpret the work of type B as a flaw and viee versa, then
it would be poesible to have an endless cyele of one oreing o
repeatedly undo the work of the sther. Even in such cases,
cantrol over the nanodevices would love o exist that would
allow the simple shut down of o of che devices to allow the
ather to proceed or (o shut down both and reprigrai them
while still inside the body o aveid any conflict, Tt will be
important that the practitioner has the ability to “pull the
plug” on these nunorelhos,

Hobert A, Freitas, Jr. sug@ested an application for
panotechnolegy inesrpornting an artificial osechanical red
cell ealled a “respirocyte.” The respirocyie is theorized tobe
approximacely ene micron in divometer. 1t is sugdwstid that it
shoubd be o spherical device composed of 18 billion atoms
consisting mostly of carbon atoms arranged oo diamond
pattermn in @ porews ltiee struetuee inside the spherieal shell,
Dipimmally, respiroeytes would behave lke oatureal ved blood
cells {REC) by delivering oxygen o tesees, et inoa much
preater quanticy, 1 is estimoted that o respiroeyee could
deliver 24 thmes maore exyvgen por unkt volume than a natural

FEnruany 2000

RBC mainly dug o bes dinmondoicd construction.  The
respiroeyie woubd then store wp to 9 billien oxvgen (00) and
carhon dioxide (G0, molecules in an onboard tank ot pres-
sures up to 1 ntl;luxph:.'ﬂ-:ﬂ.

The aetions of the respioeyte may be adjusted by the
proetitioner via aeonstic signal, A conductor device similar to
an wltrasound transminter would give the respiroovies orders
o nadjust their behavior while inside the patient’s body. Much
of the respiroeyie sirince woubd be covered with thousands of
sorting rodors that load and unload gises invo the tanks (Figures
i), Gas conounirnion sensors wontld be lnented on the ootside
af the device. These sensor would detect O and CO, partial
prossures.  When the respiroeyte passes through the lung
copillaries, the O, partial pressuce wold be high and the CO,
partial pressure low, so the onbonrd computer would inform
the rotors to load O, inte the tanks and o dump our the CO
When the device comes upoan periphernl tssoes that meed
oxvien, the sensor readings would be reversed so thar the
computer directs the rotors to relense O, from the tanks amd
take up OO, Onee thernpy is cotpleted, the resplrocyites
would be exvrnetod from eirenlation,”

The respiroeyvie has not vt been buil and i enly @ desiin
However, once constricted through future advances in
nanoenginesring, this artificial red coll may kave many appli-
cations in therapeutis and emergency maedicine amamngse
wther areas.

Intelligent Drugs'

The drugs of the future could be programmable machines
with sensory, decision-making and effector capabilities, These
smart pharmacenticals may nvoid side effects and allergic
renctions by having a hiocompatible coating Hhe chat of the
diamond deseribed earlier. They could be progranimiesd o
becomie active only once they reach thelr ultimate destina-
thons and attain nearly complete specificity of netion. They
mny clwok for sverdosage by analvzing the surroundings right
before becoming nctive to prevent both secidental wnd fnwen-
tional poisodaing

Nanobodies: Treatment of AIDS*

Like HIV, most viruses are small and difficule to atack and
eliminate. Manotechnobogy presents o way ol solving this
problent. Toeday's AIDS "drug cocktalls” have remarkably
delaved the growth and spresd of the viras, but attacking the
virus is difficult because it is so=mall. WY destroys the T-eell
and antibedy response. Without the T-d cell, no antilody
response is mediated to stop che tny virnses,  With
nanHechnology, it may be possiblbe to elicit the response of
another component of the immune svatem, the Complement
Cascnde, This system is a series of proteins that colleot and
eagull foreign imvaders like bacteria. The invader is neutral-
ized untll a magrophage comes o swallow up and didest the
whole package, The Complement Cascade bagins with an
initial reaction, often mediated by an antibody and then a
sequience of events ooeurs (o zssemble the protetns sround the
invader

The Complement Casoade contains a “short cirewit,” Some
bacteria have protein coars that stimmubnte n response of the A
probein, This s mot a mediated respoass and does not inyolye
the T-cells and antibodies. This is where Bioengineer Michael
Hingletary proposes that & deviee oan be produced toattach o
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Figure 5. Molecular Manipulation.

& rgsearcher is shown here manipulating gold stams using an
Atames Farce Micrescope (AFM), Cowrtesy of Ov. Arshides
HBequithae, Director af the Labaratery of Modatwar Robodncs a1 foe
Lniversity of Soutfern Callfarnda,

the HIV “head™ and underdo a conformation change tmexpose
a previously covered protein cont that will stimulate the
response of the 3b protein The nanodevice, along with the
HIY, would be enpalfed by the complement and then de-
stroved by the seovending macrophages,

The deviee must be designed in o way that it moust not elicit
n response until it kas bonded o the IV, Ones i has bonded,
the nanohody changes conformation and Inbels the vins for
the complement o engulf and remove. Removal of the devices
not attached to HIV can be sccomplished by adging o
nanobody. A eomipouid san I used to cause o copformation
cliange o eliclt a response from the complenient cascade 1o
remove ol nanobadies,

Real Appilcotions: Pharmaceuticals™

Az mentioned earlier, there is a process ealled
“Manonizaton” that provides an answer o the problem of
drag, insalubility. This might not be the panerobats thar nre
deseribed garlier, but nanotechnology bused on thie concegd of
extremely small size s definitely being applicl here

The company NanoSystems, which s now a part of Elun
Pharmnceutical Technoslogies, developed this technaology to
facilitate research and development efforis for compoumsds

12

that are diffienlt to formulete using conventionml PR S
dhae to liowited water solubility, Nanonlzation tokes porticls
sley reduction o n new anct q.ﬂ:-l:midu:rn'l:-b' amakler level. It s
basically a wet-nilling process that ks comventionally used in
manutacturing paines, dyes and |1|'|l|lr|-:.§r:|.|'l|'|':|: erilslens, a8
well as for imaging and diagnesties, The drsg, weier, o
1,§r|r||,l||s|1 medin pnd & surfnctant or some sther surface modi-
fier are placed in an agitator chamber, The aglatinon process
breaks wp the drug ervstals repentedly until they begoma
purticles of less than 400 nm in dinmeter, also known os
NanoCrestals™, Refore the ManoCrestal™ echookegy was
developed, the wet-milling prooess was not considered nppro-
priate for drug application because of the potential for con-
twmination by tlee geinding media, Manonization uses o non-
contaminating mekia of highly cross-linked polystyrene in-
stead of a substance Hhe glass thar ks wsed in monatncturing
dves and paints. To seabilize the particles and prevenn
ngdregation, o thin laver of polvmeric surface modifiers are
adsarbed onto the erysinl surfnoes. The outonine is a suspen-
sion that funetions ke a solution. These partleles ean then be
inporporated into varions dosage forms like pills, spravs,
injectable solutions and topical ereams.

Manonization §s certninly beneficial for drogs with poor
water solubtliey. 108 ilso wseful for modeentely solohle ngents
when a high drg concentration in o low flwid voelume =
Fovored. According te Gwen Molineoff, the DHrector of Busi.
ness Development ot NanoBystems, the one limit for
Manonizntion is @ low melting peint. The idenl meleing
remperature should be at beast 70.75 dhigrees Celsius. Even bf

Figure 6. Respirocyte Molecular
Sorting Rotor.
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This retar has been proposed ta convey gas malecules in and out
of presaurized microvessels. Each ratos has binding 5985 that
selectively bird a gas moteculs when exposed to plesma, Once the
binding site i expased 1o the imenar chamber, the bound
malecules are farcbly ejested. Heprinted with pevmission from
Artificiad Ceily, Blood Subsbiute: snd Imiabilization Biotechnal
ogy, 1998
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& drug hins o melting poine chat falls below this ramnge, there are
serntegivs such a5 chilling for managing this situation,

Unlike competitive drug delivery systems, NanoCrystal™
produces individual particles composed entirely of the drug
with only i thin surfiee conting, which gets rid of the necessity
for an additional delivery device. Absorption and bieavailahility
are enhanoced by the drugorvstals’ very small size ranging from
80 mm to 400 am, The smoll size alss enhanees the duog
rargering capahilicy of drugs. s Melineofl explains, “Thers are
twr targeting mechanisms - pessive and bicadhesion. While
passive targering is not unigue to our tech nolagy and seours
in response to Uhe rapid vascalor growth of tumers, bloadhesion
i directhy reloted o the surface modifier or the very somall size
of the NanoCrystals™, The particles are so small that gravity
effeets are reduced and sufface forces predominate.”

Significant improvements in performance and expancled
vt nsage mny be nehieved with drnegs ot lizing Manonizaton.,
Drrugs available only by injection may be taken by mouth,
while oral drugs may be fermuolated inm injectnbles and pew
therapeutic indications may be identified.  Warer-inssduble
drugs are typleally formulated for injection using ordanic
solvents, ful emulsions and Hposomes®  Paclitaxel is cur-
rently formulated in the onganic solvents Cremophor EL
i pobvoxyvethylated castor ol and ethonol. The Cremophor EL
can catse unwanted noute skin reactions, With a nunoparticle
injectoble formulbation, there is no loager a need for harmiul
prganie selvents, This teehnology not only has the potentlal of
improving effectiveness of many morketed dougs, It gould also
allow the introduction of promising new dnsg candidates which
ntheraise would lave been rejected due to poor selubibity, ™

To date, no drugs utilizing Nanonization have reached the
marketploce. However, NanoSystems has collaborations and
license agreements with o number of major pharmaceutical
companies. These companies will provide prectinieal and
elinieal development, as well as marketing of the compoumds,
NanoSystems i currenty condueting feasibility studies with
a number of clients. As many &5 clght compounds wtilizing
Manonization have been tested in human olinieal trinls™
These compounds connot be disclosed due to contraetunl
pgreement bepween NanoSvstems and their cdlients,

Merok & Co. signed n 830 million deal with NoneSystems in
Anigtest 199052 This is the third eollaboration between the rwo
companies. The first deal ocourred in December 1956 when
Merek reached a deal vo evaliente n NanoCrystal™ formulation
af Merck's HIV protease inhilitor indinavir for the treatmeit
o pediatrie patients and other special potent groups. Indinavir
is eurrently marketed as Crizivan™ in a copsule formulation,
The twi companies believe that o MenoCrvstal™ formulation
ol imdimavir liquid suspension may improve palatability and
pclministration in treating pediatric patients who have diffi-
1_--|,|_||;i_.' swallowing snlid d-:b:l,!il:' |:ll'lal.]-uL‘1$ 2 The second license
pgreement followed in June 1997 whereby Merck will utilize
the Namolrvstnl™ echnobogy in the development of aovel
thernpeutic agents. ™

Mimsetiz Ine, eollaborated with NanoByvstems in April 19906
for nn injectable son-narcotie analgesic.  Mimotis will be
develaping Nanox, nn injectable form of naprosen, to e osad
for the short-term management of maoderate of severs pain in
crbergency room scitings aid certain post-surgical proce-
chures.* The IKD for Nanox hﬂ.'!ihEL'ﬂ filisd and phase 1 elinieal
trials were comducted in 1997
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Conclusion

Manotechnology could give the field of medicine & whole
new outlook, The abilities today o fight diseases ind maintain
henlth moy be significnnily enhomced with panomedicine.
Sargery may no bnger reguire thist a patiant be cut open and
sewn back together. Drugs may hove greater specificity and
efficacy and have fewer side effects. Repalring cells, formation
of new limbs and organs, immune supplenwsation,,, the
prospects are numerous and resedrch is ongoing o Bring
reality to nunomedicine. Drexler's universal assembler may
well inanufacture the nonomaehines nocessary oo perform e
médical npplications that have been proposed. Although nast
vet built, many efforts in design show thag progress is oecur-
ring ns we write,  Moving atoms may be a loing way from
huilding nanomachines, but it is o major stare,

Although naponizacion is not on application wsing
nanomachines, this process is based on the nanostechnelogy
concept of utilizing nons-scale ohjects. This should be viewed
i o milestone, especinlly in pharmaccutical formulation of
witersinsoluble drugs, More importantly, it s taking place
today, Nanotechnology s real and being applisd. The scienoe-
fiction scenarios may oine day be reality. Nanomedicine may
just b the furure of medicine.
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