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1) Ti + 2H 2O �Æ TiO2 + 4H +    

OXIDE FORMATION: TiO2 layer is formed 

 
2) TiO2 + 6HF �Æ [TiF 6] 2- + 2H 2O + 2H +  

SELECTIVE DISSOLUTION:  Fluorides dissolve the TiO2 via 
complexation of Ti 4+ with F- species 

TiO2 
 

Ti substrate  2 
1 

Protein and peptide therapeutic delivery options for 
patients are generally limited to injections and infusions. In 
addition to the pain and compliance issues associated with 
these delivery techniques, the delivery profile is often non-
optimal, negatively affecting treatment outcomes.  Spikes in 
concentration immediately following injections often cause 
side effects, while the diminished concentrations after 
molecules are eliminated can reduce efficacy.  Numerous 
therapeutics would benefit from a stable, zero-order release 
rate, potentially reducing side effects and improving 
efficacy. Nano Precision Medical is developing a small 
subcutaneous implant with the NanoPortalTM membrane to 
provide long-term, constant-rate delivery of therapeutic 
macromolecules for up to a year.  

Improved efficacy1: Eliminates periods of subtherapeutic 
concentrations 

Improved side effects: Eliminates spike in drug concentration 

Improved convenience and compliance: Eliminates need for 
frequent injections 

Standard diffusion is driven by concentration gradients, as 
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high concentration solution is exposed to a lower 
concentration solution, molecules diffuse more quickly at 
first, in a burst, slowing as the concentration gradient 
reduces and the system comes to equilibrium. Unlike 
Fickian diffusion, nanoscale constrained diffusion does 
not exhibit concentration driven kinetics. When 
molecules encounter pores that are slightly larger than 
the molecules themselves, diffusion is limited by the pore 
size. Molecules are forced to move through the pores 
only one at a time, producing linear release kinetics until 
the device is nearly empty. 

The NanoPortalTM 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 than Fickian.  
 
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. 
 

The NanoPortalTM membrane and capsule are produced entirely from titanium; once fully 
assembled, the only material in contact with the body is titanium oxide. Because of the uniform 
material characteristics, and the inherent biocompatibility of titanium oxide, there is a negligible 
immune response to the implant (see Biocompatibility section). Furthermore, since there are no 
moving parts or additional materials, the failure modes of this system are fewer than many other 
comparable implantable devices. 
 
 
Titania nanotubes are grown using electrochemical anodization [2,3]. 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 vertically-aligned, amorphous 
titania nanotubes. 

NanoPortalTM membranes are produced in three steps. Solid titanium 
disks are machined with blind holes, referred to as windows, on one 
side and a flat surface on the other. These membranes then undergo 
electrochemical anodization, producing a layer of titania nanotubes on 
the flat side of the disk. As grown, the titania nanotubes are closed at 
the interface with the titanium. An inductively-coupled plasma (ICP) 
deep etch is used to remove any remaining material [4], thus opening 
the bottoms of the nanotubes and producing a membrane structure 
with a nanotube layer on one side and a titanium support structure on 
the other side. This membrane can be loaded, then assembled into 
capsules by hermetic attachment to titanium, producing the full 
implantable device. 

NanoPortalTM prototype membranes are 3.5 mm in diameter 
and 300 �…�u thick. Ultimately, the diameter of the membrane 
can be tailored to as small as 1 mm.  Membranes can be 
produced with pore diameters ranging from 15 nm to 50 nm 
at the narrow end, where the bottom of the nanotubes was in 
contact with titanium. On the opposite side of the membrane, 
nanotube diameters can be produced in the range of 100 nm 
to 200 nm. 
 
Nanotubes on NanoPortalTM membranes are 50 �…�u long, with 
a 250 �…�u titanium support structure. This length, coupled 
with the support structure, allows for robust handling and 
maintenance of structural integrity under a variety of 
chemical and physical conditions.  

NanoPortalTM membranes are robust under a variety of different physical and 
chemical conditions. Membranes remain intact in high vacuum and under 
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 
buffered saline at 37°C under agitation, nanotubes are stable for greater than 
13 months and 9 months, respectively (studies ongoing, see figure at left). 
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Identical membranes used for both molecules 

FITC-Dextran, 3 kDa, 
Fickian release 

FITC-Fab2, 110 kDa,  
Constant-rate release 

NanoPortalTM membranes were assembled into prototype capsules and loaded with 
fluorescent molecules. Fluorescein isothiocyanate-Dextran 3 kDa (FITC-Dextran 3kDa) was 
used as a model for a smaller protein or peptide. A fluorescein isothiocyanate conjugated 
antibody frabment (Fab2) of 110 kDa was used as a model of a larger protein or antibody. 
Identical membranes were used for both molecules, so that size-related 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. 
 
Both molecules showed a small initial burst release (<3% of total release) and had release 
�Œ���š���•�����Œ�}�µ�v�����í���…�P�l�����Ç�X�����o�š�Z�}�µ�P�Z���š�Z�����&�/�d��-Dextran 3kDa had approximately linear release to 
42 days (R2 = 0.96), the residual errors were not random, and the overall curve was more 
consistent with slow Fickian release. The FITC-Fab2, however, remained linear out to at least 
56 days and the curve was consistent with non-Fickian, constrained release kinetics (R2 = 
0.99). 

Prototype capsules with NanoPortalTM membranes were 
loaded with polyethylene glycol (molecular weight 40 kDa). 
Although linear release is not expected with molecules of 40 
kDa when used with this particular membrane pore size, 
polyethylene glycol was chosen as a model molecule because 
of its stability and ease of detection in blood plasma. Identical 
capsules were tested in parallel experiments, both in vitro 
(following the protocol described above) and in vivo.  
 
Capsules were implanted in the dorsal subcutaneous region in 
Sprague-Dawley rats as shown at left. While under isofluorane 
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 
procedure took roughly 5 minutes, and rats were fully healed 
in less than 10 days. 

Biocompatibility studies were conducted both with NanoPortalTM 
membranes alone and assembled into prototype capsules. Membranes 
and capsules were implanted into the dorsal subcutaneous space, as 
described in the section above. Rats were euthanized at 3 and 12 
months, and the tissue surrounding and including the capsules was 
excised. For in situ staining, devices were embedded in methyl 
methacrylate and sliced prior to hematoxylin and eosin staining. 
Otherwise, standard paraffin embedding, slicing, and  hematoxylin and 
eosin staining were used. 
 
By three months, a well formed, thin fibrous capsule (3-4 cell layers 
thick) formed and showed negligible immune infiltrate. Tissue showed 
similar macroscale responses to both the titania nanotube membrane 
and the control titanium membrane. Some tissue grew into the 
windows in the membrane, though not all the way to the nanotubes. 
Complete blood counts done at three months showed no differences 
between animals implanted with control membranes and those 
implanted with functioning devices. 
 

As expected with a molecule of 40 kDa, the release in vitro was non-linear, showing Fickian release kinetics.  80-85% 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 from the time of implant until day 3, 
as the polyethylene glycol released from the capsule in the subcutaneous space moves into the bloodstream and the concentration builds to a base level. 
With a subcutaneous infusion, the blood concentration is expected to rise as 1-e-kt, 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 point, blood plasma concentrations 
decrease with a half-life of roughly 12 days, similar to the half-life of injected polyethylene glycol of molecular weight 40 kDa (results not shown here). 

 
At twelve months, a similar response was found. A thin fibrous capsule (10-15 cells layers thick) formed over the indented region where the membrane is exposed. Few cells, if any, 
were in direct contact with the nanotube portion of the membrane, instead coming into contact with the exterior-facing titanium support structure. Negligible immune cell infiltrate 
was observed.  
 

Nano Precision Medical is currently applying NanoPortalTM 
technology to specific therapeutic molecules, for which we 
are developing stable formulations, optimizing membrane 
geometry, and further improving manufacturing 
processes. We welcome any further questions or 
comments regarding potential future work with this 
technology. 
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Intact nanotubes on 
support structure 
pH 7 (13 Months) 

Intact nanotubes 
with etched support 

structure 
PBS (9 Months) 

�&�]���l�[�•���o���Á�W 
J = -D(dC/dx) 
 
Where J is diffusion flux, D is diffusion 
coefficient, C is concentration, and x is 
position 
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Delivery Complete at Day 14 
Identical devices tested 
in parallel in vitro (top) 
and in vivo (bottom); 
n=5 

Delivery is complete 
around 80-85% of 
loaded mass 

Decays as expected after delivery 
is complete 
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