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Sustained Subcutaneous Delivery Membrane Characteristics

NanoPortalM prototype membranes are 3.5 mm in diameter

Protein and peptide therapeutic delivery options for and 300 ... thick. Ultimately, the diameter of the membrane

patients are generally limited to injections and infusions. In can be tailored to as small as 1 mm. Membranes can be
. _ _ : _ _ produced with pore diameters ranging from 15 nm to 50 nm

addition to the pain and compliance issues associated with at the narrow end. where the bottom of the nanotubes was i

these delivery techniques, the delivery profile is often hon contact with titanium. On the opposite side of the membranes

: : : : : nanotube diameters can be produced in the range of 100 n
optimal, negatively affecting treatment outcomeSpikes In (0 200 nm.
concentration immediately following injections often cause
side effects, while the diminished concentrations after Nanotubes orNanoPortal™ membranes are 50.. long, with

o _ a250 ... titanium support structure. This length, coupled
molecules are eliminated can reduce efficablumerous with the support structure, allows for robust handling and
therapeutics would benefit from a stable, zevoder release maintenance of structural integrity under a variety of
. . . . . chemical and physical conditions. :

rate, potentially reducing side effects and improving ubo b N Sde v | )
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subcutaneous 'mplant with thBlanoPortal™ membrane to NanoPortalM membranes are robust under a variety of different physical and
provide longterm, constantrate delivery of therapeutic chemical conditions. Membranes remain intact in high vacuum and under

macromolecules for up 10 a year greater than 27 PSI pressure differential.

Membranes remain intact for processing in a variety of organic solvents,
acids, and bases. Under physiological conditions, in pH 7 and phosphate

'  Elimi ' ' Side effects . buffered saline at 37 under agitation, nanotubes are stable dpeater than Intact nanotubes on  Intact nanotubes
ImprOVEd efﬂca.C)ﬂ' E|Imlna'[eS peI‘IOdS CEfU btherape Ut|C - ‘x“\lnjection Therapy - SEM of nanotube membrane in PBS 13 months and 9 monthsespectively (studies ongoing, see figure at left). support structure with etched support
conce n'[l‘a'[ionS E ; . 7 months pH 7(13 Months) structure
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frequent IﬂjeCtIOnS Y- > NanoPortalM membranes were assembled into prototype capsules and loaded with
-~ Subtherapeutic .- 70 fluorescent molecules. FluorescegwthiocyanateDextran kDa(FIT@extran 3kDa) was
Time used as a model for a smaller protein or peptide. A fluoresiseithiocyanateconjugated
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antibodyfrabment(Fal) of 110kDawas used as a model of a larger protein or antibody.
|dentical membranes were used for both molecules, so thatsiaged differences in

kinetics could be observed. Capsules were immersed in phosphate buffered saline (PBS) at
37°C, with agitation for 70 days. Samples were taken daily, then weekly, until release was
complete. Linearity was determined by linear regression
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Nanoscale Constrained Diffusion
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Standard diffusion is driven by concentration gradients, as Both molecules showed a small initial burst releast®4qof total release) and had release
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% high concentration solution is exposed to a lower 9 0 | | | | , , , 42 days (R=0.96), the residual errors were not random, and the overall curve was more
() . . . . . .
concentration solution, molecules diffuse more quickly & 0 10 20 30Time (dang 50 60 70 consistent with slowFickiarrelease. The FITkak, however, remained linear out tozat least
first, in a burst, slowing as the concentration gradient 4 56 days and the curve was consistent with #okian constrained release kinetics“(R
reduces and the system comes to equilibrium. Unlike = Non-Fickian Identical membranes used for both molecules 0.99).
Fickiandiffusion,nanoscaleconstrained diffusion does
not exhibit concentration driven kinetics. When Tme
molecules encounter pores that are slightly larger than < . .
: L &] I[+ o AW
the molecules themselves, diffusion is limited by the porg —pgqay) e e aS e I n VIVO
size. Molecules are forced to move through the pores
only one at a time, producing linear release kinetics untilWhere Jis diffusion flux, D is diffusion
the device is nearly empty. ;gz‘:{:gf”t C Is concentration, and x is . 2 - 10000%F
Prototype capsules withlanoPortal™ membranes were £ET L'H T + ' 80.00% B
loaded with polyethylene glycol (molecular weightkiDg). gs M Hﬁl : 3
. . . 5 Il * . . - 60.00% g
Although linear release is not expected with molecules of 40 £ 1 4 Delvery s compiete o
kDawhen used with this particular membrane pore size, 5 E ; . around SSBSY of - 40.00% E
polyethylene glycol was chosen as a model molecule because § 2 *° 1 m - 20.00%
of its stability and ease of detection in blood plasma. Identical = 0 , , , , , 0.00% >

TheNanoPortalM membrane has several features that can be tuned
according to the needs of a particular indication. For a given molecule,
the nanotube diameter (membrane pore size) can be enlarged or
reduced so that the delivery rate is linear, rather tHaokian

capsules were tested in parallel experiments, both in vitro 0 > 10 15 20 25 30

following the protocol described above) and in vivo. :
( JHeP ) 600 <— Delivery Complete at Day 14

500 - T Identical devices tested
400 - in parallelin vitro (top)

300 - andin vivo (bottom);
n=5
200 -

Capsules were implanted in the dorsal subcutaneous region in
SpragueDawleyrats as shown at left. While undeofluorane
anesthesia, a small incision was made, local anesthetic was
administered, and the device was inserted into a pocket
between the scapulae. Upon completion of the implantation,
the wound was closed with suture clips. The entire implant

To produce a given delivery rate, the number of exposed nanotubes can
be altered by changing the size and/or number of windows in the

titanium support structure. Delivery rate can be controlled To maintain constantrate

by increasing the number of delivery, smaller molecules
require smaller nanotube

100 - Decays as expected after delivery

is complete

In VivoPlasma concentration
(ng/ml PEG MW=48D3a)
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accessible nanotubes ;
diameters procedure took roughly 5 minutes, and rats were fully healed Time (days)

In less than 10 days.

As expected with a molecule of 403 the release in vitro was ndimear, showing-ickiarrelease kinetics. 885% of delivery was completed around

day 14, with the rate of release dramatically reduced after that point. The in vivo data shows an immediate increase fim@ dhenplant until day 3,

as the polyethylene glycol released from the capsule in the subcutaneous space moves into the bloodstream and the comberittatio a base level.

With a subcutaneous infusion, the blood concentration is expected to riseedis Where k is the absorption rate and t is time. As the device continues to

release, this concentration slowly comes to a near equilibrium before delivery is completed around day 14. At this pdiptabloa concentrations
I\/I e m b ran e an d D evi Ce Fab ri Cati O n decrease with a halife of roughly 12 days, similar to the h#fé of injected polyethylene glycol of molecular weightikdia(results not shown here).
TheNanoPortalM membrane and capsule are produced entirely from titanium; once fully p y Biocompatibility studies were condl_Jcted both witanoPortalM
assembled, the only material in contact with the body is titanium oxide. Because of the uniform T I e R A membranes alone qnd assempled Into prototype capsules. Membranes
material characteristics, and the inherent biocompatibility of titanium oxide, there is a negligible o _,,%ﬁg}%” ORI s ~ and capsules were implanted into the dorsal subcutaneous space, as
immune response to the implant (see Biocompatibility section). Furthermore, since there are no Nanotube Wfﬂf /,.. SIS NG NN T described in the section above. Rats were euthanized at 3 and 12
moving parts or additional materials, the failure modes of this system are fewer than many other membranes 5 — ERERRE AN, ST coscover SRR s months, and the tissue surrounding and including the capsules was
comparable implantable devices. o o7 o A TRy (s S membane o BRGRA MEMANE  Capsule over excised. For Iin situ staining, devices were embedded in methyl
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methacrylate and sliced prior feematoxylinand eosin staining.
Otherwise, standard paraffin embedding, slicing, drematoxylinand
eosinstaining were used.
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Titaniananotubes are grown using electrochemiaabdization2,3]. Initially, a native oxide layer is
formed on titanium. In a viscous, polar, organic solvent under an electrical field, fluorides dissolve

the titanium oxide layer, first forming pores, and ultimately forming vertiealigned, amorphous %‘;rr‘;g)r'anes A . Bythree months, a well formed, thin fibrous capsulet(@ell layers
titania nanotubes. B e el o) \\w,\ thick) formed and showed negligible immune infiltrate. Tissue showed
Derinis e similarmacroscalgesponses to both th&étania nanotube membrane
f mons, Gioup B - Ll i and the control titanium membrane. Some tissue grew into the
_ Ti substrate windows in the membrane, though not all the way to the nanotubes.
Machined Membranes only Membranes only Membranes in assembled ~ Membranes in assembled Completeblood counts done at three montlshowedno differences
_ _ 3 months 3 months devices devices bet - IS | lanted with trol b d th
1) Ti+2H,0 A£TIO, +4H* Histologyin situ Histology only 12 months 12 months : cween am.ma > |mp a.n © WI. controt membranes an 05¢
OXIDE FORMATIONG, layer is formed Histologyin situ Histology only iImplanted with functioning devices.
2) TiO, + 6HF A[TiF ]2 +2H ,0+2H * At twelve months, a similar respons@&asfound. A thin fibrous capsule (415 cells layers thigkormed over theindented regionvhere the membrane is exposed. Few cellany,
SELECTIVE DISSOLUTbrides dissolve the TjWia werein direct contact with the nanotube portion of the membrane, instead coming into contact with the exfadimy titanium suppd structure. Negligible immune cell infiltrate

Anodicnhanotubegrowth

Pos‘ﬂWsing

complexationof Ti 4 with F species wasobserved

NanoPortalM membranes are produced in three steps. Solid titanium F u t u re WO rk Cltatl OnS

disks are machined with blind holes, referred to as windows, on one

side and a flat surface on the other. These membranes then undergo Nano Precision Medical is currently applyhanoPortal™ Iﬁ.eeEggr?]((:)):]r:tpr);(t)ggr\?vietg;ferr?gt]idcg‘gtrlrt];;());sz %?ggzgshas
electrochem|cahnod_|zat|on producmg a _Iayer dftania nanotubes on technology to specific therapeutic molecules, for which Wehttp'// wDeweWire commEwS relonsesfintarcia
the flat side of the disk. As grown, th&ania nanotubes are closed at are developing stable formulations, optimizing membrane | "0 Gk s g0 aca stud tsfort

ductivel led PI the interface with the titanium. An inductivelyoupled plasma (ICP) geometry, and further improving manufacturing presenispositiveitca-oolphases-siudy-resultsior-type-

Inductively Coupled Plasma d hi d o il h - . 2-diabetesat-easd103529579.html
Evp) eep etch is used to remove any remaining material [4], thus opening orocesses. We welcome any further questions or e 007 111 14995

the bottoms of the nanotubes and producing a membrane structure comments regarding potential future work with this . Faulose ., et al.J. Fhys. Lhem, : :
with a nanotube layer on one side and a titanium support structure on technology. 14997. |
the other side. This membrane can be loaded, then assembled into 3. Roy, P, Berger, S., aBdhmukiP.Angew Chemint.
capsules by hermetic attachment to titanium, producing the full Ed.,2011, 50, 29042939.
implantable device. 4. ParkerE.R., et all.ElectrochemSoc.2005 152 (10),

C675683.




