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(57) ABSTRACT 

A processing technique for creating nanowires and hierarchi 
cally porous micro/nano structures of ceramic materials is 
provided. The process includes evaporation of micron-sized 
water droplets containing dissolved organic salts on heated 
substrates followed by thermal decomposition of the depos 
ited material. The micron-sized droplets may be generated by 
Supercritical CO assisted nebulization, in which high-pres 
Sure streams of aqueous solution and Supercritical CO are 
mixed, followed by controlled depressurization through a fine 
capillary. Rapid evaporation takes place on the heated Sub 
strates and structures are generated due to CO effervescence 
from the droplets and evaporation of water, along with the 
pinning of the three phase contact line. Depending on the 
mass deposited, a mesh of nano-wires or membrane-like 
structures may result. Sintering of the membrane-like Scaf 
folds above the decomposition temperature of the organic salt 
creates nanopores within the structures, creating a dual hier 
archy of pores. 
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FABRICATION OF NANOWIRES AND 
HERARCHICALLY POROUS MATERALS 

THROUGH SUPERCRITICAL CO2 ASSISTED 
NEBULIZATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of U.S. Provi 
sional Application No. 62/014,539 filed on Jun. 19, 2014, 
which is hereby incorporated by reference in its entirety. 

BACKGROUND 

0002 Porous materials with structural hierarchy are abun 
dant in nature, for example, diatom skeletons, butterfly wings, 
corals, sponge, wood, and bone all exhibit structural hierar 
chy. These materials are composed of structural elements that 
are themselves structured on finer scales, yielding an overall 
organization of matter on the macro, micro, and nano scales 
that results in exceptional functional properties. Bone, for 
example, possesses seven layers of hierarchical structure and 
this structure is responsible for its exceptional mechanical 
properties. 
0003 Hierarchically structured porous materials have 
numerous applications across a broad range of technologies. 
Due to selective permeation, these materials may be useful in 
adsorption, separation, and purification of gases and liquids. 
The combination of the large Surface area and selective per 
meability of these materials may offer unique advantages in 
catalysis. Highly ordered 3D microstructures may be useful 
in optics applications such as lasing, waveguides, photonic 
band gap materials, and sensors. In the field of energy gen 
eration and storage, these materials may provide more effi 
cient Solar cells, fuel cells, electrode materials, and Superca 
pacitors. In the life Sciences, these materials may be useful as 
biocompatible scaffolds for promoting cell adhesion and also 
in drug delivery applications. 
0004. There has been considerable research devoted 
towards the fabrication of artificial materials that mimic the 
hierarchically structured porous materials observed in nature. 
Most of the preexisting fabrication techniques utilize sacrifi 
cial templates such as colloidal crystals, emulsions, salts, ice 
crystals, gas bubbles, Supramolecular aggregrates, and bio 
materials to form a hierarchical structure. Bottom up 
approaches based on self-assembly have also been applied for 
fabrication of porous polymeric materials. Scalability and 
control over pore size are challenges associated with the 
preexisting processes. 

SUMMARY 

0005. A process for the formation of nanowires and hier 
archically porous materials is provided. The process may 
include mixing a stream of Supercritical CO with an aqueous 
Solution of an organic salt in a continuous flow operation, 
creating an aerosol from the mixture, and depositing the 
aerosol on heated Substrates. The process may additionally 
include sintering the deposited material. The sintering may 
produce a nanowire mesh or a hierarchically porous structure, 
and may occur at a temperature of at least about 300° C. for 
about 6 hours to about 8 hours. The supercritical CO may be 
at a pressure of about 0.1 MPa to about 0.3 MPa. The creation 
of the aerosol may include rapidly expanding the mixture 
through a capillary, nozzle, or tube. The heated Substrate may 
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be at a temperature of about 80° C. to about 150° C. The 
organic salt may be described by the formula: 

M.(N), 

wherein M is at least one of Ca, Ag, Cu, Zn, Co, Fe, Mn, and 
Ni, and N is at least one of acetate (CHCOO), acetylaceto 
nate (CHCOCHCOO), oxalate (CO), and hydroxide 
(OH). The deposited material may include nanowires, 
microporous inorganic membranes, or nanopores with an 
average diameter of less than about 100 nm and pores with an 
average diameter of greater than about 100 nm. The deposited 
material may have a thickness of less than about 100 nm or of 
about 1 um to about 3 um. The deposited material may include 
CaCO. The substrate may include titanium, and may be a 
medical implant. 
0006 A process for the formation of nanowires and hier 
archically porous materials is provided. The process may 
include creating an aerosol from an aqueous solution of an 
organic saltina continuous flow operation, and depositing the 
aerosol on heated substrates. The aerosol is created by an 
inkjet process. 
0007. A composite medical implant is provided. The com 
posite medical implant includes a medical implant Substrate 
and a coating disposed on a Surface of the medical implant 
Substrate. The coating is biocompatible and osseoconductive. 
The coating includes a nanowire mesh or a hierarchically 
porous structure. The medical implant Substrate may include 
titanium. The coating may include CaCO. 
0008. It should be appreciated that all combinations of the 
foregoing concepts and additional concepts discussed in 
greater detail below (provided such concepts are not mutually 
inconsistent) are contemplated as being part of the inventive 
Subject matter disclosed herein. In particular, all combina 
tions of claimed Subject matter appearing at the end of this 
disclosure are contemplated as being part of the inventive 
subject matter disclosed herein. It should also be appreciated 
that terminology explicitly employed herein that also may 
appear in any disclosure incorporated by reference should be 
accorded a meaning most consistent with the particular con 
cepts disclosed herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009. The skilled artisan will understand that the drawings 
primarily are for illustrative purposes and are not intended to 
limit the scope of the inventive subject matter described 
herein. The drawings are not necessarily to scale; in some 
instances, various aspects of the inventive Subject matter dis 
closed herein may be shown exaggerated or enlarged in the 
drawings to facilitate an understanding of different features. 
In the drawings, like reference characters generally refer to 
like features (e.g., functionally similar and/or structurally 
similar elements). 
0010 FIGS. 1(a)-(d) are images of morphologies of 
CaCO structures obtained by an aerosol deposition process 
at a temperature of 130° C. and various pressures (P) includ 
ing P=126 bar, P=137 bar, P=80 bar, and P=120 bar, respec 
tively. 
0011 FIGS. 2(a)-(d) are images of the morphologies of 
porous structures obtained from an aerosol deposition pro 
cess for various materials—FIG. 2(a) cobalt oxide, FIG. 2(b) 
copper oxide, FIG. 2(c) cobalt doped zinc oxide, and FIG. 
2(d) silver oxide. 
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0012 FIGS. 3(a) and 3(b) are images of morphologies of 
CaCO structures produced at a CO pressure of 80 bar and 
100 bar, respectively. 
0013 FIGS. 4(a)-(c) are images of the morphology of 
deposited structures produced attemperatures of 80°C., 130° 
C. and 150° C. respectively. 
0014 FIG. 5 is a deposition pattern in a shadowed region 
with a low probability of droplet impact. 
0015 FIG. 6 depicts the deposited film thickness as a 
function of deposition time at a temperature of 130° C. and a 
CO, pressure of 120 bar. 
0016 FIGS. 7(a) and 7(b) depict nanopores formed after 
sintering a deposited structure, with the inset in FIG. 7(b) 
depicting the Surface profile along line 1. 
0017 FIG. 8 depicts the Micro-Raman analysis of depos 
ited CaCO structures, with the inset being a Confocal Raman 
spectral image of the structure mapping the intensity of the 
peak at 1083 cm. 
0018 FIGS. 9(a)-(d) are XRD patterns of deposited 
CaCO structures, with the insets in FIGS. 9(b) and 9(d) being 
images of dynamic water contact angle measurements on 
deposited CaCO structures. 
0019 FIGS. 10(a) and 10(b) are SEM images of deposited 
CaCO structures after washing with water. 
0020 FIGS.11(a) and 11(c) are AFM images of deposited 
CaCO structures after washing with water, and FIG.11(b) is 
a surface profile along line 1 in FIG.11(a). 
0021 FIG. 12 is an image of zinc oxide structures gener 
ated by deposition of water droplets that do not contain CO. 
gaS. 
0022 FIG. 13 is a schematic diagram of device for the 
production of an aerosol of water droplets containing CO 
gaS. 
0023 FIGS. 14(a)-(d) are optical micrographs of implant 
in bone slices—FIG. 14(a) uncoated implant after 1 week in 
vivo, FIG. 14(b) implant with CaCO coating after 1 week in 
vivo, FIG. 14(c) uncoated implant after 6 weeks in vivo, FIG. 
14(d) implant with CaCO coating after 6 weeks in vivo, and 
FIG. 14(e) is a statistical analysis of Bone Area Fraction 
Occupancy (BAFO) for each implant with the number of 
asterisks indicating statistically homogeneous groups. 

DETAILED DESCRIPTION 

0024. Following below are more detailed descriptions of 
various concepts related to, and embodiments of inventive 
processes for the formation of nanowires and hierarchically 
porous materials. It should be appreciated that various con 
cepts introduced above and discussed in greater detail below 
may be implemented in any of numerous ways, as the dis 
closed concepts are not limited to any particular manner of 
implementation. Examples of specific implementations and 
applications are provided primarily for illustrative purposes. 
0025. A method for the fabrication of hierarchically 
porous materials through the phenomenon of coffee-ring 
effect is provided. The coffee-ring effect refers to the forma 
tion of ring like patterns during the evaporation of liquid 
droplets. The pinning of the three phase contact line may 
produce substantial material deposition at the boundary of the 
evaporating droplet, which leads to the formation of circular 
patterns after drying. This phenomenon has been studied for 
a variety of liquids, Solutes/dispersants, Surfaces, and droplet 
sizes. A mathematical model for understanding the formation 
of circular patterns after evaporation has been developed. 
Experimental and numerical investigations of microdroplet 
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drying phenomena have been investigated in terms of heat 
and mass transfer. Such as the heat transport during evapora 
tion of droplets on various substrates and the thermal effects 
during evaporation of microdroplets with a radius of about 85 
um on a variety of surfaces and across Surface temperatures in 
the range of 25-250° C. The phenomena of the coffee-ring 
effect has been utilized for the deposition of colloidal par 
ticles using single drops of millimeter size. Herein, the cof 
fee-ring effect has been extended to the evaporation of micro 
droplets from a dense aerosol, producing hierarchically 
porous materials including 2D and 3D patterns. By contrast, 
preexisting spray coating methods have generally been devel 
oped to obtain continuous films. 
0026. A supercritical carbon dioxide (sc-CO) based 
nebulization process is employed in the fabrication of hierar 
chically porous materials. The process may include the dis 
Solution of CO in water, and a Subsequent de-pressurization 
creating dense aerosols with droplet sizes of less than about 3 
um. Along with the Small size of the droplets produced, this 
method offers the additional advantage of the aerosol droplets 
being saturated with carbon dioxide. The saturation with CO, 
may allow the production of “inorganic foam like porous 
microstructures. A Subsequent drying of the aerosol in a 
bubble dryer may yield sub-micron sized particles. This pro 
cess may be employed for the generation of micron sized 
water droplets containing dissolved salts for deposition. The 
fabrication method of hierarchically porous materials may 
not employ any sacrificial templates in the creation of 3D 
scaffolds of ceramics, and is applicable to a wide variety of 
materials. The fabrication process is scalable, and the use of 
Supercritical CO as a medium for the synthesis is environ 
mentally friendly. 
0027. A process for sc-CO, assisted nebulization may be a 
continuous flow process, in which a stream of Sc-CO is 
mixed with an aqueous stream containing the solute of inter 
est, and the mixture is allowed to expand at atmospheric 
pressure after passing through a heat exchanger. Upon mixing 
in a low-dead-volume mixing tee, the CO dissolves in the 
aqueous phase at high pressure. CO Solubility in water is 2.2 
mole percent at 40°C. and 100bar. According to one embodi 
ment, the sc-CO pressure may be about 0.1 MPa to about 0.3 
MPa. 

0028. The solute of interest may be an organic salt. The 
organic salt may be described by the formula: 

M.(N), 

wherein M is at least one of Ca, Ag, Cu, Zn, Co, Fe, Mn, and 
Ni; N is at least one of acetate (CHCOO), acetylacetonate 
(CHCOCHCOO), oxalate (CO), and hydroxide (OH): 
X is 1 to 4; and y is 1 to 4. The aqueous stream may include 
more than one organic salt. The solute may include water 
soluble inorganic pre-cursors. 
0029. An aerosol may be generated during depressuriza 
tion of the aqueous stream in a two-step process. In the first 
step, the undissolved sc-CO phase may expand to gaseous 
CO and create a dispersion of aqueous droplets that are 
Supersaturated with CO. In the second step, the aqueous 
droplets may undergo further breakdown due to a rapid 
release of the dissolved CO gas, and produce a fine aerosol 
with a particle size of about 0.1 um to about 3 um. The aerosol 
may then be directed onto heated Substrates, producing rapid 
effervescence of CO as well as evaporation of the microdrop 
lets to generate microstructures. The type of microstructures 
generated may depend on the deposition time. 
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0030 The microstructures may be further sintered at about 
300° C. to about 450° C. to induce decomposition of the 
remaining organic salts and create nanopores within the walls 
of the microstructures. The sintered microstructures may 
include a dual hierarchy of pores, such as nanopores and 
pores with an average diameter greater than about 100 nm. 
The dual hierarchy of pores may refer to a material with a 
bimodal pore diameter distribution. As utilized herein, nan 
opores may refer to pores with a diameter of less about 100 
nm. The larger pores contained in the deposited structure may 
have a diameter of about 2 um to about 4 Lum. 
0031. The overall process of formation of the microstruc 
tures may be influenced by the following parameters: the 
pressure of the CO stream, the droplet size, the number 
density of the aerosol, concentration and nature of the Solute 
dissolved, wettability of the substrate, thermal conductivity 
of the substrate, temperature of the heated substrate, and the 
deposition time. FIGS. 1(a)-(d) show the various morpholo 
gies observed for calcium carbonate (CaCOs) deposition 
under different conditions. FIGS. 2(a)-(d) show the mor 
phologies observed for the deposition of cobalt oxide, copper 
oxide, cobalt doped Zinc oxide, and silver oxide, respectively. 
The amount of material deposited produces different mor 
phologies, ranging from a network of nanowires (2-D) to thin 
and thick porous scaffolds (3-D). The morphologies observed 
are, generally speaking, similar across the selected the mate 
rials, with Some minor differences depending on the decom 
position properties of deposited materials. 
0032. The influence of various process parameters on the 
deposited microstructures was studied. The understanding of 
the manner in which the process parameters affect the pro 
duced microstructures allows effective control of the process. 
Qualitative results were produced utilizing calcium acetate as 
a precursor, and similar experiments were conducted for other 
materials as well. The structures produced by the process may 
include at least one of CaCO, ZnO, CuO, CoO, Co-doped 
ZnO, AgO, FeO, MnO, and NiO. 
0033. The structures produced may include biocompatible 
materials. The biocompatible materials may form biocompat 
ible scaffolds that promote cell adhesion. Additionally, the 
biocompatible materials may release ions, such as bioactive 
ceramic ions, that facilitate increased healing rates. The struc 
tures may also be osseoconductive. An exemplary structure 
that is both biocompatible and osseoconductive may include 
CaCO. Structures that are biocompatible may be utilized in 
vivo. The biocompatible structures may be formed on sub 
strates that include medical implants. The medical implants 
may include any biocompatible material with the appropriate 
mechanical properties, such as titanium or stainless steel. The 
medical implants may have any appropriate form, Such as 
dental implants, Screws, plates, mesh, rods, or joint replace 
ment components. The biocompatible structures may be dis 
posed over a portion of the medical implant Surface, or in 
Some cases over the entirety of the medical implant Surface. 
0034. The effect of CO pressure on the aerosol dynamics 
and the formation of microstructures was investigated. The 
CO, pressure affects the solubility of CO in water, the flow 
dynamics of the aerosols produced, and the amount of Joule 
Thomson cooling that accompanies the expansion. The solu 
bility of CO in water is directly proportional to the pressure, 
as described by Henry's law, whereas the flow dynamics of 
the aerosol may also be affected by the geometry of expan 
sion. For a given flow geometry, the Joule-Thomson effect 
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may limit the operating pressure to a value above which there 
is significant condensation of dry ice in the flow. 
0035 Various geometries of expansion were explored, 
including a 125 um diameter nozzle orifice with an aspect 
ratio of 5, a 125 um diameter capillary tube with a length of 1 
inch and aspect ratio of 203, and a /16 inch diameter stainless 
steel tube with a length of 2 inches and an aspect ratio of 32. 
It was observed that pressures up to about 300 bar may be 
realized using either the nozzle or the capillary tube, however 
there was significant Joule-Thomson cooling. The Joule-Th 
omson cooling produced the condensation of dry ice and 
caused an intermittent flow in the absence of sufficient exter 
nal heating. The maximum pressure attainable using the /16 
inch diameter tube was 137 bar, however the flow was largely 
unaffected by Joule-Thomson cooling. 
0036. The morphologies of microstructures obtained 
using the different flow geometries were largely similar 
despite the mass flow rates of the aerosols being significantly 
different. The large /16 inch diameter stainless steel tube 
produced aerosols with higher mass flow rates and required 
shorter exposure times for the deposition of similar amounts 
of material. Unless otherwise specified, experiments were 
conducted using the /16 inch diameter stainless steel tube for 
expansion. 
0037 FIGS.3(a)and 3(b) show the morphology of CaCO 
microstructures formed at CO pressures of 80 bar and 100 
bar, respectively. The pore size produced at each pressure, of 
about 1 um to about 2 Lim, is similar, however the pore walls 
are broader at low pressure for equivalent deposition times. 
Based on the outcomes of the pressure experiments a CO 
pressure of 120 bar was selected as the operating pressure. 
The CO pressure may also affect the pH and ionic equilib 
rium of the droplets. 
0038. The effect of surface temperature on the morphol 
ogy of the microstructures was investigated while maintain 
ing a constant operating pressure. Films were deposited at 
different surface temperatures and were observed under FE 
SEM after sintering at 300° C. to 450° C. FIGS.4(a)-(c) show 
different patterns of dried droplets at substrate temperatures 
of 80° C., 130° C. and 150° C., respectively. Aerosol droplets 
collected on a surface at a temperature of 80° C. produce 
drying patterns consistent with single droplet drying events as 
well as coalescence of droplets, either on the Surface or in 
flight, as shown in FIG.4(a). At a surface temperature of 130° 
C., similar deposition patterns were obtained, however the 
number of pores formed was greater and the average pore size 
was Smaller as shown in FIG. 4(b). In the temperature range 
of about 80° C. to about 130°C., the morphologies of dried 
droplets may be similar to the morphologies observed for 
aerosol droplets drying in flight. Deposition at Substrate tem 
peratures above about 150° C. may yield nearly spherical 
particles that are smaller in size and have different pore struc 
tures. For example, FIG. 4(c) shows that a deposition on a 
surface at a temperature of 150° C. resulted in only a small 
amount of material being deposited on the Surface. 
0039. The Weber numbers for the aerosol droplets are 
given by the formula: 

W = pV, Din 
y 
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wherein V, is the droplet impact velocity, D, is the droplet 
diameter, p is the density of the fluid and Y is the surface 
tension of the droplets. The Weber numbers for the aerosol 
droplets impinging on the heated Surfaces wherein 3 
umsDs6 um and 0.5 m/ssV.s3 m/s are small enough 
(W.s0.1) such that the phenomena of droplet recoil, jetting, 
Splash, break-up and rebound do not occur during the depo 
sition process. As a result, the droplets stick to the Surface 
upon impact and evaporation occurs. 
0040 Preexisting spray-coating processes are generally 
designed to create thin, continuous films without any Voids. 
The aerosol deposition process described herein produces a 
porous microstructure. Mechanistic understanding of the pro 
cess of microstructure-formation can be developed through 
the interpretation of the effects of various process parameters 
on the final microstructure. Based on previous investigations 
of microdroplets with a diameter of 30-85 um across a tem 
perature range 25-250° C., the evaporation rate is initially 
constant for about half the lifetime of the droplet, after which 
Stick-slip contact angle dynamics take place. Across the drop 
let diameter range of about 30 um to a few millimeters initial 
evaporation rate scales linearly with the contact radius, Sur 
face temperature, and substrate thermal conductivity. Droplet 
lifetime in the diameter range of about 30 um to about 85um 
may be on the order of 100 ms, and may decrease with droplet 
size. Droplet lifetimes for 17 um diameter droplets of about 
10 ms at 110° C. have been reported. Droplet lifetimes with a 
similar order of magnitude may be produced due to the evapo 
ration of aerosol droplets on heated Substrates as employed in 
the process described herein. 
0041. The evaporation of the aerosol droplets is compli 
cated by the fact that the droplets are saturated with CO gas 
when they strike the surface. CO has a high solubility in 
water at room temperature (20°C.) and pressure (1 bar) of 0.9 
cm/g, and the release of CO, during aerosol formation is not 
sufficient to exhaust the CO, contained in the liquid such that 
the formed aerosol droplets are saturated with CO gas. The 
solubility of CO, in water decreases rapidly with rising tem 
perature. Therefore, bubble formation is highly likely to 
occur when the aerosol droplet strikes the heated surface. The 
effervescence of CO has a lower activation energy than the 
evaporation of the droplet liquid, and therefore should take 
placeata much faster rate than the evaporation. The solubility 
data indicates that bubbles with diameters of about 1 um to 
about 1.5 um may form within a 3 um diameter droplet when 
heated from 20° C. to 80°C. The formation of bubbles within 
the drying droplets at a temperature below the Saturation 
temperature of water at 1 bar is evident in the microstructure 
shown in FIG. 4(a). The collapse of the entrapped bubbles in 
the droplets on the heated surface leads to the formation of 
coffee-rings. The trapped bubbles may beformed even below 
the saturation temperature due to the dissolved CO, and may 
significantly enhance the coffee-ring effect which is shown in 
FIGS. 4(a) and 4(b). Another indication for the role of CO 
effervescence in shaping the drying patterns is provided in 
FIG. 4(c), where the collapse of drying bubbles in flight, 
before the deposition on the heated surface, indicates that a 
thin vapor layer is formed. The formation of the thin vapor 
layer may be similar to the Leidenfrost effect, despite the fact 
that the temperature is far below the Leidenfrost temperature 
of pure water of 190° C. to 200° C. For microdropletevapo 
ration on Cu Surfaces, maximum evaporative heat fluxes may 
be observed quickly at low superheats of (10° C.s ATs.25° 
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C.). The formation of drying patterns at Superheats of similar 
orders of magnitudes are observed in the process described 
herein. 
0042. The observed patterns of nanowires, as shown in 
FIGS. 1(a). 2(b) and 2Cd), were the result of short deposition 
times of aerosols produced using either the nozzle or the 
capillary wherein the mass-flow rates are considerably lower 
than those produced using the /16 in stainless steel tubing. 
Similar patterns were also observed for deposition of the 
aerosols produced using the /16 in stainless steel tubing in the 
regions of low droplet impact probability. FIG. 5 depicts one 
Such shadowed region where the paths of drying droplets are 
clearly shown. The droplets may be mobile and move along 
the Surface in the gas flow direction, producing the elongated 
coffee-rings observed in FIG. 5. A mesh of nanowires may be 
produced on the Surface after a short deposition time. 
0043. After the initial formation of nanowires over the 
Surface, a different deposition mechanism may occur. The 
impacting droplets may be immediately pinned due to the 
increased roughness of the Surface produced by the presence 
of the nanowires. Considerable on-surface coalescence may 
be produced as a result of the droplet impact frequency of 
about 10 kHz to about 100 kHz and the droplet lifetime on the 
order of about 100 ms. This coalescence may produce the 
microstructures observed in FIGS. 4(a) and 4(b). Continued 
deposition takes place preferentially along the periphery of 
the droplets, increasing the breadth and height of the walls of 
the isolated microstructures. After long-term deposition, the 
isolated microstructures may merge together resulting in the 
formation of the membrane-like patterns shown in FIGS. 
1(c), 1 (d), 2(a), 20c).3(a) and 3(b). The thickness of the walls 
of the microstructures increases as the film thickness 
increases. As the film thickness grows with continued depo 
sition the thermal conductivity of the surface decreases due to 
the formation of the porous structure, and the kinetics of film 
growth slow down. According to one embodiment, the depos 
ited film thickness may be less than about 100 nm. According 
to an alternative embodiment, the deposited film thickness 
may be about 1 um to about 3 um. The thickness growth of 
CaCO scaffolds from 500 nm to 2000 nm over a deposition 
time of 20 minutes at a temperature of 130° C. and CO 
pressure of 120 bar is shown in FIG. 6. 
0044) The presence of dissolved CO, in the droplets is 
beneficial for the formation of micron-sized pores. In control 
experiments, where the aerosols were generated by dispers 
ing dilute solutions of Zinc acetate in water using a pharma 
ceutical nebulizer and deposited on heated silicon Substrates 
at 130°C., patterns of drying spheres were observed instead 
of porous scaffolds as shown in FIG. 12. 
0045 FIG. 7(a) shows a typical CaCO scaffold with a 
pore diameter of 1-3 um produced under optimal process 
conditions of a pressure of 120 bar, a temperature of 130°C., 
and a deposition time of 20 minutes. The presence of a sec 
ondary structure of nanopores within the CaCO scaffolds is 
also observed. Atomic Force Microscope (AFM) analysis 
along line 1 in FIG.7(b) confirmed the presence of nanopores 
with size of about 50 nm, with the inset depicting a surface 
profile along line 1. The nanopore formation may take place 
during the sintering step via decomposition of residual 
Ca(CHCOO), precursor present in the deposited micro 
Structure. 

0046. As shown in FIG. 8, Micro-Raman analysis of the 
non-sintered films A indicates the presence of CaCO, (band 
at 1083 cm, v, symmetric stretch, CO.) formed by the 
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precipitation in carbonated water droplets. However, the pres 
ence of residual Ca(CHCOO) precursor in small quantities 
is also indicated by the band at 2928 cm corresponding to 
C—H stretch, which is not present in the Raman spectrum of 
sintered films C. The non-sintered films were soaked in water 
for 30 minutes, and the acetate bands of the Raman spectrum 
B diminished in intensity in the washed samples as shown in 
FIG.8. This result indicates that the acetate components are 
buried within and protected by the CaCO, deposits of the 
microstructure. During sintering, the release of gaseous prod 
ucts may result in the formation of a nanoporous structure. 
The water contact angle of CaCO films may also increase 
upon sintering due to the formation of nanoscale pores, as 
shown in the water droplet contact angle tests depicted in the 
insets of FIGS. 9(b) and 9(d). The sintering may take place 
over a period of about 6 hours to about 8 hours. 
0047 XRD analysis of the samples indicates that CaCO 

is the majority component of the deposits as shown in FIGS. 
9(a)-(d). FIGS. 9(a) and 9(b) depict the XRD patterns of 
sintered CaCO scaffolds. By contrast, FIGS. 9(c) and 9(d) 
depict the XRD patterns of non-sintered CaCO films after 
immersion in water for 30 minutes. Ostwald ripening may 
occur when the deposited films are exposed to water, resulting 
in changes to the morphology of non-sintered films as shown 
in FIGS. 10(a) and 10(b), where two-dimensional CaCO 
plates or nanosheets one unit cell thick can be seen stacked 
together. FIGS. 11(a) and 11(c) show AFM images of the 
stacks. FIG.11(b) depicts a surface height profile along line 1 
in FIG.11(a), indicating that the step sizes between plates are 
about 1 nm to about 3 mm. The CaCO nanosheets were well 
aligned and single crystalline, with a nominal thickness of 
approximately 17 A. 
0048. The crystal structure of the CaCO scaffolds was 
characterized by X-ray diffraction as shown in FIGS. 9(a)- 
(d), confirming the presence of the calcite phase of CaCOs 
(JCPDS 005-0586). In contrast to previous studies the inves 
tigated CaCO scaffolds show an intensity of the 100 tex 
ture of calcite films which is five times stronger than observed 
for standard calcite powder XRD, which is reported to be 
dominated by the {104} texture. The presence of various 
textures may be influenced by organic additives and the pro 
cess of precipitation. 
0049 Commercially available chemical reagents were 
employed. Precursor materials such as calcium acetate 
hydrate (Ca(CHCOOH)2).HO), Zinc acetate, cobalt 
acetate, silver acetate, copper acetate, and gold chloride were 
purchased at the highest purity grade (99.99%) from Sigma 
Aldrich. CO liquid was purchased from Air Products Middle 
East FZE (Dubai-UAE). The water used in all experiments 
was prepared in a three-stage Millipore MilliO plus 185 puri 
fication system and had a resistivity of 18.2 mS2 cm. 
0050. The process flow diagram for producing the aerosol 

is depicted in FIG. 13. The CO may be supplied in liquid 
form from a storage tank 200 to a heat exchanger 210 coupled 
to a chiller 220. The flow rate of sc-CO was adjusted to 
maintain a constant pressure, and the aqueous solution was 
pumped at a constant mass flow rate. ACO pump 230 may be 
utilized to pressurize the CO, before being supplied to a static 
mixing device 300. A range of experiments were carried out 
initially to establish the operating space in terms of pressure, 
temperatures, flow rates, capillary dimensions and spray tip 
location. The process was designed to mix two streams, par 
ticularly sc-CO and an aqueous solution, at constant pressure 
and temperature in a static mixer. The static mixing device 
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300 mixes the CO with an aqueous solution that is provided 
to the static mixing device from an aqueous solution storage 
tank 100 by an aqueous solution pump 130. Once mixed, the 
Solution streams were depressurized either through a 2 inch 
long, /16 inch inner diameter (ID) stainless steel (S.S.) tubing 
oral inch long, 125 um diameter stainless steel capillary tube 
or a sapphire nozzle with a 125 um diameter. The mixture of 
the CO and the aqueous solution may pass through a heater 
320 before being depressurized to form an aerosol 400. The 
aerosol 400 may be collected on a heated substrate 330. A 
computer 310 may be configured to control the CO, pump 
230, aqueous solution pump 130, heater 320 and heated sub 
strate 330 to produce the desired conditions, such as tempera 
ture, pressure and flow rate. According to another embodi 
ment, the coating apparatus may include an array of spray 
nozzles to deposit a coating on a Substrate in the form of a 
wide-format, roll-to-roll moving Surfaces. 
0051. According to another embodiment, the aerosol may 
be produced by any other suitable process. For example, the 
aerosol may be produced by an inkjet process. Inkjet pro 
cesses provide the benefit of reduced cost and wide availabil 
ity. Additionally, an inkjet process may be utilized to produce 
an aerosol without the aid of supercritical CO. 
0.052 A transport table was installed underneath the spray 
on which an aluminum heating block was mounted. The 
heating block was raised or lowered to adjust the spray dis 
tance. The Substrate temperature was controlled by adjusting 
the heat input to the aluminum block. The mounting block 
included screws at its corners to hold 2 inchx2 inch Substrates, 
Such as silicon and quartZ, to be coated by the depressurized 
aerosol spray. The translational table was capable of moving 
the Substrate under the spray at a predetermined rate, such as 
0.5 inch/sec. 
0053. The following general experimental conditions 
were employed. A flow rate of 0.1 wt % solute ranged from 
1-4 g/minute. Sc—CO was used to adjust the pressure in the 
mixer in the range of 65-130 bar. The mixing chamber tem 
perature was maintained at 100°C. The sc-CO line tempera 
ture to the mixing chamber was maintained at 100° C. A 2 
inchx2 inch silicon wafer mounted to the heated aluminum 
block on the translation table was utilized as a substrate. 
Alternative experiments were carried out with quartz and 
Sapphire wafers as Substrates. The temperature of the alumi 
num block was controlled throughout the experiment in the 
range of 80° C. to 200°C. The tip of the /16 inch S.S. tubing 
was mounted at either 1 inch or 2 inches above the silicon 
substrate which was moved back and forth (cycled) at 0.5 
inch/second. The coating time was up to about 20 minutes. In 
all cases, the samples were post treated at a higher tempera 
ture of 450° C. for at least 3 hours. 

0054 Surface morphology of the thin films was character 
ized by field emission Scanning electron microscopy (FE 
SEM) and by Atomic force microscopy (AFM) in tapping 
mode. Height, phase and amplitude images were acquired 
simultaneously. Cantilevers with a frequency of 204-497 kHz 
and a force constant of 10-130 N/m were employed. The set 
point ratio was kept at 0.9. 
0055 X-ray measurements were made on an Panalytical 
Empyrean X-ray diffractometer using a Cuanode. The X-rays 
were focused using a parallel mirror fitted with 0.02 rad Soller 
slits and a "/32' divergent slit on the sample. The sample was 
aligned for X-ray reflectivity, the substrate was parallel to the 
X-ray beam and blocking one-half of the incident intensity. 
The diffracted X-rays passed through a 0.27 parallel plate 
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collimator and 0.02 rad Soller slits to a proportional detector. 
The measurements were made with consistent step sizes and 
times per step. 
0056. Optical and Raman microscopy was performed on a 
WiTec alpha confocal Raman microscope equipped with a 
50x and 100x objectives. The pinhole diameter of the confo 
cal microscope was kept constant at 100 Lum. Raman spectra 
were acquired using a 532 nm laser for excitation (12 mW 
power) and recorded using a CCD camera maintained at-60° 
C. The integration time for the acquisition of spectra was kept 
constant at 3 seconds. Each spectrum depicted was an average 
of 10 consecutive scans. The films were rescanned after initial 
data acquisition to detect any radiation-induced damage. No 
chemical change in the film composition was detected for an 
exposure time of 30 seconds at 12 mW power. 
0057 Dynamic water contact angle measurements were 
carried out by using an SCA-20 from Data Physics at room 
temperature, as depicted in the insets of FIGS. 9(b) and 9(d). 
The thickness of calcinated CaCO scaffolds were measured 
by using a Dektak XT. Height profiles were collected from 
scratches made on the scaffold. The resulting profiles were 
analyzed by Vision64TM software. The measurements were 
repeated at least three times. 
0058 A CaCO, coating was applied to titanium dental 
implants for the purposes of preclinical model testing. A total 
of 24 grade II (commercially pure) titanium alloy implants 
were obtained from a medical device manufacturer (Emfil 
Itu, Sao Paulo). These devices were screw shaped and pre 
sented 4 mm in diameter and 10 mm in length. Half of the 
implants were coated with CaCO through the methodology 
presented above and the other half remained uncoated as a 
control group. Following the coating process, the implants 
were Y radiation sterilized. 
0059. The preclinical laboratory in vivo model selected 
was the sheep, with n being 6 animals. The study was 
approved by the Ethics Committee for Animal Research at the 
Ecole Nationale Vétérinaire d'Alfort (protocol number 
13-011: 14/05/13-3-Maisons-Alfort, Val-de-Marne, France). 
The Finnish Dorset crossed-bred sheep selected were 
approximately 1.5 years old and each weighed approximately 
150 pounds. The sheep remained in the facility for 2 weeks 
prior to the Surgical procedures to place the implants. A total 
of 24 implants were distributed among 2 experimental 
groups, with n being 6 per group and time-point, and four per 
animal. The pelvis access to place the implants was per 
formed by an antero-posterior incision of 15 cm in length, 
which was followed by bunt dissection of the fat and muscle 
layers. The implants were placed sequentially from proximal 
to distal at a distance of 2 cm from the first implants center at 
the central region of the bone. On each sheep, 2 implants were 
first placed in one side of the hip, and after 5 weeks, the other 
side of the hip underwent the same procedure for a total of 4 
implants per animal. One week later the animals were sacri 
ficed and thus each animal provided samples that remained in 
vivo for 1 and 6 weeks. All surgeries were conducted under 
general anesthesia. 
0060. No clinical signs of inflammation were observed 
immediately following Surgery or throughout the course of 
the experiment. No postoperative complications were 
detected, and no implant was excluded from the study 
because of clinical instability immediately after euthanasia. 
0061 Following sacrifice of the sheep, the implants in 
bone were reduced to blocks and processed for nondecalci 
fied histologic sections. The 30 um sections were Stevenel's 
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Blue Von Gieson's fuchsin acid stained and referred to histo 
metric measurement of the Bone Area Fraction Occupancy 
(BAFO) of the region between implant threads performed by 
commercially available computer software (Image.J). The sta 
tistical evaluation of the effects of time and implant surface on 
BAFO measurements was performed by a Wilcoxon sign 
rank test. Statistical significance was set at 5% (C=0.05). 
0062. As shown in FIGS. 14(a)-d), histologic observation 
of optical micrographs indicated bone formation in close 
contact to the implant for all groups at both time-points, 
demonstrating that both coated and uncoated implant Sur 
faces were biocompatible and osseoconductive. It was evi 
dent that the amount of bone between implant threads sub 
stantially increased from 1 to 6 weeks in vivo for both groups. 
Although no qualitative differences in bone amount were 
measurable at 1 week in vivo, the amount of bone appeared 
higher at 6 weeks for the CaCO group compared to the 
uncoated Surface, as demonstrated by comparing FIGS. 14(c) 
and (d). From a quantitative standpoint, a significant increase 
in BAFO was observed from 1 to 6 weeks in vivo (p<0.001). 
This increase was expected for both implant groups as early 
bone healing progressed around the implants. As shown in 
FIG. 14(e), the mean BAFO percentage results at 1 week 
exhibited no significant differences between groups. This 
result was expected due to the short implantation time in Vivo, 
where primarily osteogenic connective tissue formation 
occurred in proximity with the implant surfaces with very 
little new bone formation. At 6 weeks, the CaCO group 
presented significantly higher (p<0.02) BAFO than the 
uncoated group, demonstrating that the improved osseocon 
ductive properties associated with the CaCO coated implants 
produced higher amounts of new bone growth. The improved 
osseoconductive properties may be due at least in part to the 
intimate relationship between the surface and the host biof 
luids immediately after implantation, the increased biocom 
patible nature of its structure due to its composition, and 
hastened bone healing as a result of the release of bioactive 
ceramic ionic components in Vivo, each of which is contrib 
uted to by the CaCO coating. The in vivo results demonstrate 
that the CaCO coating hastened bone formation around the 
titanium implant. 

ADDITIONAL NOTES 

0063. While the present teachings have been described in 
conjunction with various embodiments and examples, it is not 
intended that the present teachings be limited to such embodi 
ments or examples. On the contrary, the present teachings 
encompass various alternatives, modifications, and equiva 
lents, as will be appreciated by those of skill in the art. 
0064. While various inventive embodiments have been 
described and illustrated herein, those of ordinary skill in the 
art will readily envision a variety of other means and/or struc 
tures for performing the function and/or obtaining the results 
and/or one or more of the advantages described herein, and 
each of such variations and/or modifications is deemed to be 
within the scope of the inventive embodiments described 
herein. More generally, those skilled in the art will readily 
appreciate that all parameters, dimensions, materials, and 
configurations described herein are meant to be exemplary 
and that the actual parameters, dimensions, materials, and/or 
configurations will depend upon the specific application or 
applications for which the inventive teachings is/are used. 
Those skilled in the art will recognize many equivalents to the 
specific inventive embodiments described herein. It is, there 
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fore, to be understood that the foregoing embodiments are 
presented by way of example only and that, within the scope 
of the appended claims and equivalents thereto, inventive 
embodiments may be practiced otherwise than as specifically 
described and claimed. Inventive embodiments of the present 
disclosure are directed to each individual feature, system, 
article, material, kit, and/or method described herein. In addi 
tion, any combination of two or more such features, systems, 
articles, materials, kits, and/or methods, if such features, sys 
tems, articles, materials, kits, and/or methods are not mutu 
ally inconsistent, is included within the inventive scope of the 
present disclosure. 
0065 All definitions, as defined and used herein, should 
be understood to control over dictionary definitions, defini 
tions in documents incorporated by reference, and/or ordi 
nary meanings of the defined terms. 
0.066. The indefinite articles“a” and “an as used herein in 
the specification and in the claims, unless clearly indicated to 
the contrary, should be understood to mean “at least one.” Any 
ranges cited herein are inclusive. 
0067. The terms “substantially” and “about” used 
throughout this Specification are used to describe and account 
for small fluctuations. For example, they may refer to less 
than or equal to t3%, such as less than or equal to t2%. Such 
as less than or equal to t1%, such as less than or equal to 
+0.5%, such as less than or equal to +0.2%, such as less than 
or equal to +0.1%, such as less than or equal to +0.05%. 
0068. The phrase “and/or as used herein in the specifica 
tion and in the claims, should be understood to mean “either 
or both of the elements so conjoined, i.e., elements that are 
conjunctively present in Some cases and disjunctively present 
in other cases. Multiple elements listed with “and/or should 
be construed in the same fashion, i.e., "one or more' of the 
elements so conjoined. Other elements may optionally be 
present other than the elements specifically identified by the 
“and/or clause, whether related or unrelated to those ele 
ments specifically identified. Thus, as a non-limiting 
example, a reference to “A and/or B, when used in conjunc 
tion with open-ended language such as "comprising may 
refer, in one embodiment, to A only (optionally including 
elements other than B); in another embodiment, to B only 
(optionally including elements other than A); in yet another 
embodiment, to both A and B (optionally including other 
elements); etc. 
0069. As used herein in the specification and in the claims, 
“or should be understood to have the same meaning as 
“and/or as defined above. For example, when separating 
items in a list, 'or' or “and/or shall be interpreted as being 
inclusive, i.e., the inclusion of at least one, but also including 
more than one, of a number or list of elements, and, option 
ally, additional unlisted items. Only terms clearly indicated to 
the contrary, such as “only one of or “exactly one of” or, 
when used in the claims, “consisting of will refer to the 
inclusion of exactly one element of a number or list of ele 
ments. In general, the term 'or' as used herein shall only be 
interpreted as indicating exclusive alternatives (i.e. “one or 
the other but not both') when preceded by terms of exclusiv 
ity, such as “either,” “one of “only one of or “exactly one 
of “Consisting essentially of when used in the claims, shall 
have its ordinary meaning as used in the field of patent law. 
0070. As used herein in the specification and in the claims, 
the phrase “at least one.” in reference to a list of one or more 
elements, should be understood to mean at least one element 
selected from any one or more of the elements in the list of 
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elements, but not necessarily including at least one of each 
and every element specifically listed within the list of ele 
ments and not excluding any combinations of elements in the 
list of elements. This definition also allows that elements may 
optionally be present other than the elements specifically 
identified within the list of elements to which the phrase “at 
least one' refers, whether related or unrelated to those ele 
ments specifically identified. Thus, as a non-limiting 
example, “at least one of A and B (or, equivalently, “at least 
one of A or B.’ or, equivalently “at least one of A and/or B) 
may refer, in one embodiment, to at least one, optionally 
including more than one, A, with no B present (and optionally 
including elements other than B); in another embodiment, to 
at least one, optionally including more than one, B, with no A 
present (and optionally including elements other than A); in 
yet another embodiment, to at least one, optionally including 
more than one, A, and at least one, optionally including more 
than one, B (and optionally including other elements); etc. 
0071. In the claims, as well as in the specification above, 
all transitional phrases such as “comprising.” “including.” 
“carrying.” “having.” “containing.” “involving,” “holding.” 
“composed of and the like are to be understood to be open 
ended, i.e., to mean including but not limited to. Only the 
transitional phrases "consisting of and "consisting essen 
tially of shall be closed or semi-closed transitional phrases, 
respectively, as set forth in the United States Patent Office 
Manual of Patent Examining Procedures, Section 2111.03. 
0072 The claims should not be read as limited to the 
described order or elements unless stated to that effect. It 
should be understood that various changes inform and detail 
may be made by one of ordinary skill in the art without 
departing from the spirit and scope of the appended claims. 
All embodiments that come within the spirit and scope of the 
following claims and equivalents thereto are claimed. 
What is claimed: 
1. A process comprising: 
mixing a stream of Supercritical CO with an aqueous solu 

tion of an organic salt in a continuous flow operation; 
creating an aerosol from the mixture; and 
depositing the aerosol on heated Substrates. 
2. The process of claim 1, further comprising sintering the 

deposited aerosol. 
3. The process of claim 2, wherein the sintering produces a 

nanowire mesh or a hierarchically porous structure. 
4. The process of claim 2, wherein the sintering is at a 

temperature of at least about 300° C. for about 6 hours to 
about 8 hours. 

5. The process of claim 1, wherein the supercritical CO, is 
at a pressure of about 0.1 MPa to about 0.3 MPa. 

6. The process of claim 1, wherein creating the aerosol 
comprises rapidly expanding the mixture through a capillary, 
nozzle, or tube. 

7. The process of claim 1, wherein the heated substrate is at 
a temperature of about 80° C. to about 150° C. 

8. The process according to claim 1, wherein the organic 
salt is described by the formula: 

M.(N), 
wherein M is at least one of Ca, Ag, Cu, Zn, Co, Fe, Mn, 

and Ni, and N is at least one of acetate (CHCOO), 
acetylacetonate (CHCOCHCOO), oxalate (C.O.), 
and hydroxide (OH). 

9. The process according to claim 1, wherein the deposited 
material comprises nanowires. 
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10. The process according to claim 1, wherein the depos 
ited material has a thickness of less than about 100 nm. 

11. The process according to claim 1, wherein the depos 
ited material comprises microporous inorganic membranes. 

12. The process according to claim 1, wherein the depos 
ited material has a thickness of about 1 um to about 3 Lum. 

13. The process according to claim 1, wherein the depos 
ited material comprises: 

nanopores with an average diameter of less than about 100 
nm, and 

pores with an average diameter of greater than about 100 
. 

14. The process according to claim 1, wherein the depos 
ited material comprises CaCO. 

15. The process according to claim 1, wherein the substrate 
comprises titanium. 

16. The process according to claim 1, wherein the substrate 
comprises a medical implant. 
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17. A process comprising: 
creating an aerosol from an aqueous solution of an organic 

salt in a continuous flow operation; and 
depositing the aerosol on heated Substrates, 
wherein creating the aerosol comprises an inkjet process. 
18. A composite medical implant, comprising: 
a medical implant Substrate, and 
a coating disposed on a Surface of the medical implant 

Substrate, 
wherein the coating is biocompatible, osseoconductive, 

and comprises a nanowire mesh or a hierarchically 
porous structure. 

19. The coated medical implant of claim 18, wherein the 
medical implant Substrate comprises titanium. 

20. The coated medical implant of claim 18, wherein the 
coating comprises CaCO. 

k k k k k 


