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APPARATUS AND METHOD FOR DELIVERY OF ANTIMICROBIAL DURING A
TRANSDERMAL SAMPLING AND DELIVERY PROCESS

Cross-Reference to Related Applications

[0001] The present application claims priority to and the benefit of similarly titled U.S.
Provisional Patent Application No. 62/200,421 filed August 3, 2015, the entire substance of

which is incorporated herein by reference.

Background

[0002] Medical sampling, monitoring and drug delivery systems and processes continue to
evolve with a focus on minimization of invasiveness to the patient. By way of example, the
following co-owned patents and patent applications are directed to various transdermal sampling
and delivery technologies and are incorporated herein by reference in their entireties: USP
6,887,202, USP 7,931,592, USP 8,568,315 and USP Application No. 14/036,966 directed to
Systems and Methods for Monitoring Health and Delivering Drugs Transdermally; USP
Application No. 13/459,392 directed to Electrochemical Transdermal Glucose Measurement
System Including Microheaters and Process For Forming; USP Application 13/835,696 directed
to Microfluidic Systems For Electrochemical Transdermal Glucose Sensing Using a Paper-Based
or Other Wicking Substrate; and USP Application No. 13/384,199 directed to Microfluidic
Systems for Electrochemical Transdermal Analyte Sensing Using a Capillary-Located Electrode
(collectively, “Patent Documents”).

[0003] While the primary goal of these transdermal systems is to provide minimally invasive
devices and processes for collecting and analyzing samples, e.g., blood, interstitial fluid, for
analytes and/or for providing medications responsive thereto (e.g., transdermal drug delivery),
even a minimally invasive system can leave the access location vulnerable to various
microorganisms or microbes, €.g., bacteria, fungi, viruses, which may reside on the user’s skin
and/or on the devices. Such microorganisms can migrate into the body through the access
location, e.g., micropore, causing a potential adverse (negative) response. Some of these
microorganisms include drug-resistant bacteria, also called superbugs (e.g., MRSA, C-difficile)
which are increasingly resistant to known antibiotics.

[0004] Prior research has been conducted in the related area of preventing and/or treating in

vivo bacterial infections at open wound sites, such as open fracture sites, using nanocoatings on
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orthopedic implants. See, Li et al., Multilayer polypeptide nanoscale coatings incorporating IL-
12 for the prevention of biomedical device-associated infections, Biomaterials, Volume 30, Issue
13, May 2009, Pages 2552-2558 and Li et al., Evaluation of local MCP-1 and IL-12
nanocoatings for infection prevention in open fractures. J. Orthop. Res. 28:48—-54. But far less
invasive devices and procedures can also increase user susceptibility to microorganisms.

[0005] Accordingly, there is a need in the art for an apparatus and process for mitigating
possible negative secondary effects resulting from the use of minimally invasive medical
sampling, monitoring and drug delivery devices.

[0006] Additionally, the risk of infection at surgical and other wound sites dressed with
sutures and/or other closure materials remains an issue, particularly with the rise of antibiotic
resistant super bugs in the hospital or other medical treatment settings. Accordingly, an on-going
need exists for the mitigation of this infection risk.

[0007] In addition to the patents and patent applications listed above, the following
documents are incorporated herein by reference in their entireties and are intended to provide
examples of the skill in the art and supporting description for one or more aspects of the
embodiments described and illustrated herein: JW. Gatti et al., Using electrospun poly(ethylene-
oxide) nanofibers for improved retention and efficacy of bacteriolytic antibiotics, Biomed
Microdevices, October 2013, Volume 15, Issue 5, pp 887-893; Bio-Functionalized Nanofibers,
Pan-American Advanced Studies Institute (PASI), August 4-12, 2011; J. W. Gatti, Using
Electrospun Poly(ethylene-glycol) Nanofibers for Localized Delivery of Antibiotics, Senior
Thesis; Ball et al., Drug-Eluting Fibers for HIV-1 Inhibition and Contraception, PLOS One, Vol.
7, Issue 11, November 2012; Vandamme et al., “A comprehensive summary of LL-37, the
factotum human cathelicidin peptide,” Cellular Inmunology 280, pgs. 22-35 (2012); and Song et
al., “Multi-biofunction of antimicrobial peptide-immobilized silk fibroin nanofiber membrane:

Implications for wound healing,” Acta Biomater. Volume 39, 15 July 2016, Pages 146—155.

Summary of the Embodiments

[0008] In a first exemplary embodiment, a device for introducing at least one antimicrobial
in an exposed region of a user’s skin caused while accessing interstitial fluid of a user includes
a substrate having thereon a mechanism for accessing the interstitial fluid of the user; and a

nanofiber mat loaded with at least one antimicrobial material.



WO 2017/023931 PCT/US2016/045162

[0009] In a second exemplary embodiment, a hand-held device for electrochemically
monitoring an analyte in interstitial fluid of a user includes: a first end configured to contact the
skin of the user, the first end including a mechanism for ablating the skin of the user to form a
micropore to access interstitial fluid and further including a nanofiber mat formed thereon, the
nanofiber mat including at least one antimicrobial material; a cartridge connected to the first end
and having disposed therein a plurality of disposable sensing elements for contacting interstitial
fluid from the micropore to monitor an analyte therein; and a second end connected electrically
and mechanically to the cartridge and the first end for facilitating operation of the mechanism for
ablating the skin, dispensing of a disposable sensing element and monitoring of the analyte.
[0010] In a third exemplary embodiment, a patch having multiple individually controllable
sites for accessing interstitial fluid of a user and monitoring at least one analyte therein, includes
a substrate having formed thereon the multiple individually controllable sites each including:

a mechanism for producing a micropore in the user’s skin and accessing the interstitial fluid of
the user and a nanofiber mat loaded with at least one antimicrobial material; and an adhesive for

adhering the patch to the skin of the user.

Brief Summary of the Figures

[0011] The Summary of the Embodiments, as well as the following Detailed Description, is
best understood when read in conjunction with the following exemplary drawings:

[0012] Figures 1a and 1b show a first representative heating element with antimicrobial mat
configuration in accordance with an embodiment herein;

[0013] Figures 1c-1e show a second representative heating element with antimicrobial mat
configuration in accordance with an embodiment herein;

[0014] Figure 2 shows a particular multiple use device having a heating element with
antimicrobial mat configuration in accordance with an embodiment herein;

[0015] Figure 3 shows a particular multiple use device having a heating element with
antimicrobial mat configuration in accordance with an embodiment herein;

[0016] Figures 4a and 4b show a representative heating element with alternative
antimicrobial mat configurations in accordance with an embodiment herein wherein multiple

antimicrobial materials are incorporated in to the same mat; and
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[0017] Figures S5a-Sc¢ show an exemplary hand-held device incorporating a microheater in

conjunction with an antimicrobial mat.

Detailed Description

[0018] Figures 1a and 1b illustrate a singular microheating element 10 which includes
resistive heater electrodes 12a, 12b which are connected by a microheater portion 14 for
generating a localized thermal pulse when an appropriate voltage is applied thereto. The resistive
heater electrodes 12a, 12b form a closed circuit and upon application of an appropriate voltage
for an approximate length of time thereto, act to ablate a portion of the stratum corneum 20 of
the individual, creating a micropore 16 therein on the order of microns in diameter. Such
ablation, though minimally invasive, makes the individual more susceptible at the site of the
micropore 16 to various microorganisms or microbes, e.g., bacteria, fungi, viruses, which may
reside on the user’s skin or on a portion of the contacting instrument. Accordingly, the
microheating element 10 further includes an annulus-shaped nanofiber mat 18 which has been
loaded with an antimicrobial, such as, for example LL-37. The width of the annulus being on the
order of approximately 5-25 um. The microheating element 10 is formed on a substrate 22.
[0019] The applied voltage specifications, i.e., volts/time, may vary in accordance with
patient age and size. For example, devices used on adult human patients may be configured to
apply 3V (with respect to ground) for, e.g., 30 msec, resulting in a rapid ablation of a portion of
the patient’s stratum corneum creating an approximately 50 um diameter micropore therein.
Whereas, the same or a different device, may be configured for use with premature human
patients where the stratum corneum has minimal thickness. In this case, one skilled in the art
recognizes that the applied voltage, time and resulting pore diameter would be reduced.

[0020] Further, while the specific representative embodiments described and illustrated
herein include the nanofiber mat 18 as being part of the microheating element 10, one skilled in
the relevant art understands that variations which provide for the nanofiber mat 18 being in close
proximity to the resulting micropore 16, but not necessarily on the microheating element 10, fall
well within the scope of the present embodiments. For example, referring to Figures 1c-1e, a
different configuration and ordering of elements includes microheating element 10 having
resistive heater electrodes 12a, 12b which are connected by a microheater portion 14 formed on

a first substrate 22a having a hole therethrough at the point adjacent the microheater portion 14.
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Figure 1d shows a second substrate 22b including an antimicrobial nanofiber mat (or layer) 18
thereon, with a hole therethough having a diameter slightly larger than the hole in the first
substrate 22a. And in Figure le, the first and second substrates are aligned back-to-back with the
holes aligned to form the final transdermal device. The gap height h from the microheater
portion 14 and the skin, i.e., stratum corneum 20 is small, such that the heat from the microheater
portion 14 is sufficient to cause the desired ablation and form micropore 16.

[0021] Additional details regarding the formulation, layout, dimensions and operation of the
microheating element 10 are described in the co-owned patents and patent applications
(collectively, “Patent Documents”) listed in the Background section above. Multiple
microheating elements 10 may be used in an array as discussed in the Patent Documents,
wherein multiple individual microheating elements 10 each having a nanofiber mat 18 on or
associated therein are included in an array. The array may be included on a substrate, e.g., patch,
wherein each of the individual microheating elements 10 is individually controllable/usable, thus
resulting in multiple micropores over the course of time and use of the array.

[0022] Figures 2 and 3 illustrate portions of exemplary multiple use devices, which include
multiple individually controllable sites (S1, S2, Ss... Sx), each site including components similar
to those illustrated in Figures 1a and 1b or equivalents thereof. Use of each of Si, Sz, S3... Sx
results in a micropore which, as discussed previously, makes the individual more susceptible at
the site of the micropore to various microorganisms or microbes, e.g., bacteria, fungi, viruses,
which may reside on the user’s skin or on a portion of the contacting instrument. Accordingly, as
illustrated, individual nanofiber mats 18 are incorporated at each site (S1, Sz, S3... Sx) adjacent to
the micropore and in contact with the user’s skin. Alternating with the nanofiber mats is adhesive
A for adhering the multiple use device to the skin of the user.

[0023] Figures 2 and 3 illustrate particular devices wherein the microheater portion 14 acts
to both create the micropore and to release a physiological compatible solution, e.g., saline, from
a reservoir in the device which mixes with interstitial fluid released from micropore and travels
up a detection path in the device to a detector (not shown, but described in one or more Patent
Documents). The device provides for “on-demand” analysis and the inclusion of the nanofiber
mat 18 with antimicrobial provides added protection to the user at the spent sites, e.g., S1. A
physiological solution is preferably expelled onto the exposed viable epidermis and recovered

into the transport capillary. One skilled in the art recognizes that the micro-heater and the
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physiological solution seal may be the same or different; the heater and seal may, therefore, be
electrically connected either in series or parallel. Additionally, the physiological compatible
solution may or may not contain one or more drugs.

[0024] Alternatively, the device may be a single-use device. Whether the microheating
element is part of a single-use device or a multi-use device, the effectiveness of the nanofiber
mat 18 or more specifically, the antimicrobial, may be enhanced by keeping the device in place
for a predetermined amount of time, e.g., at least 2 hours, or an approximate amount of time
calculated for the micropore 16 in the stratum corneum to begin closing up.

[0025] A description of exemplary processes for formation of the nanofiber mat for use in
the embodiment described herein may be found in one or more of the documents listed in the
section Documents Incorporated by Reference. The immobilization of antimicrobial peptides and
peptide motifs on nanofiber membranes has been achieved and the effectiveness of the
antimicrobial nanofiber membranes as both an antibiotic and a wound healing facilitation
material has been determined. In a specific exemplary embodiment, the nanofiber mat 18 may be
formed using electrospinning techniques to generate nanofibers having varying diameters, e.g.,
100-500 nm, from a solution of poly(ethylene-oxide) (PEO) and the antimicrobial peptide, LL-37
as discussed in detail in J.W. Gatti et al., Using electrospun poly(ethylene-oxide) nanofibers for
improved retention and efficacy of bacteriolytic antibiotics, Biomed Microdevices, October
2013, Volume 15, Issue 5, pp 887-893.

[0026] The antimicrobial LL-37 is selected as the exemplar microbial herein for its broad
bacteria killing ability. More specifically, LL-37 has been shown to kill the following bacteria as
discussed in Vandamme et al., “A comprehensive summary of LL-37, the factotum human
cathelicidin peptide,” Cellular Immunology 280, pgs. 22-35 (2012): Bacillus anthracis;
Enterococcus faecalis; Group A streptococcus; Group B Streptococcus; Lactobacillus casei;
Listeria monocytogenes; Micrococcus luteus; Nocardia sp.; Propionibacterium acnes;
Staphylococcus aureus; Streptococcus mutans; Streptococcus pneumonia; Borrelia spp.;
Mycobacterium bovis; Mycobacterium smegmatis; Mycobacterium tuberculosis; Achromobacter
xylosoxidans; Acinetobacter baumannii; Aggregatibacter actinomycetemcomitans; Brucella suis;
Burkholderia pseudomallei; Burkholderia cepacia; Burkholderia thailandensis; Capnocytophaga
spp.; Escherichia coli; Francisella novicida; Fusobacterium nucleatum; Haemophilus influenza;

Helicobacter pylori; Klebsiella pneumonia; Leptospira interrogans; Mannheimia haemolytica,
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Pasteurella multocida; Porphyromonas circumdentaria, Porphyromonas gingivalis; Prevotella
intermedia; Prevotella loescheii; Prevotella melaninogenica; Pseudomonas aeruginosa;
Salmonella sp.; Shigella sp.; Stenotrophomonas maltophilia; Tannerella forsythia; Treponema
denticola; Treponema pallidum and Yersinia pestis.

[0027] One skilled in the art readily recognizes that other antimicrobials may be used, either
alone, or in combination with LL-37 to cover a wider range of bacteria. Figures 4a-4b illustrate
an annulus-shaped nanofiber mat which includes multiple antimicrobials (AM1, AM2, ... AMX)
loaded therein.

[0028] The incorporation of an antimicrobial is also contemplated with respect to, e.g., a
hand-held device for electrochemically monitoring an analyte in interstitial fluid of a user, such
as that disclosed in co-owned U.S. Patent Application No. 13/835,696. Components of an
exemplary device 34 are illustrated in Figs. Sa-5¢. The device includes a plurality of sensing
elements 36, each comprising a system of electrodes, as described above, on an individual
portion of a paper-based or other wicking substrate. Each individual sensing element has a
system of conductive elements 37 connectable to a controllable voltage source 38 within the
device, and each comprises at least one electrode 39 modified with a sensing material, such as
glucose oxidase (GOx), for measuring the level of the analyte in a fluid which contacts the
sensing element.

[0029] Although not shown, connective elements located e.g. in the inner wall of device 34
can serve to place elements 37, 39, and/or 50 (as described below) in contact with the
controllable voltage source 38.

[0030] With further reference to Figs. 5a-5c, the device preferably includes a handle region
40 attached to an end region 42 having an open tip 44. (In practice, the tip could be a closed tip
which is openable prior to use.) In a specific embodiment of the hand-held device, the end
region 42 may be single-use cartridge that may be discarded and replaced as needed. The end
region includes a storage region 46, for containing a predetermined number of sensing elements
36, adjacent the open tip. The periphery 48 of the open tip comprises a conductive microheater
element 50, which is connectable to the voltage source 38 within the device, and a ring of
antimicrobial mat 54 deposited thereon. The antimicrobial mat 54 may of sufficient thickness,
e.g. nanometers to millimeter, to last through the use of all of the predetermined number of

sensing elements 36 in the cartridge, i.e., end region 42. The location of the antimicrobial mat 54
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may be adjacent to the outer rim of the microheater element 50 as shown in Figure 3b or in a
stacked configuration as shown in Figure Sc¢, so long as the antimicrobial mat 54 is contacting
the skin of the user. Additional details regarding configurations and operation of the hand-held
device are described in U.S. Patent Application No. 13/835,696 which is incorporated herein by
reference in its entirety.

[0031] While the particular examples above are directed to certain exemplary transdermal
devices, one skilled in the art appreciates that the antimicrobial nanofiber mat or coating may be
incorporated into other medical equipment that invades the body, including, but not limited to
syringes, catheters, etc.

[0032] As referenced briefly in the Background, the risk of infection at surgical and other
wound sites dressed with sutures and/or other closure materials is an on-going concern. The
antimicrobial nanofiber materials referenced above may form or be incorporated into various
dressings including, but not limited to biodegradable fibrous mesh, biodegradable suture (e.g., a
polymer) or non-biodegradable suture (e.g., silk nanofibers) containing LL-37 or other
antimicrobial. As with the nanofiber mats described herein, these dressings form a barrier to

foreign bodies.
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CLAIMS
1. A device for introducing at least one antimicrobial in an exposed region of a user’s skin
caused while accessing interstitial fluid of a user comprising:
a substrate having thereon
a mechanism for accessing the interstitial fluid of the user; and

a nanofiber mat loaded with at least one antimicrobial material.

2. The device of claim 1, wherein the mechanism includes at least one electrically
controllable microheating element including at least a microheater portion with multiple

electrodes connected to the microheater portion.

3. The device of claim 2, wherein the microheating element causes a micropore in the user’s
skin.
4. The device of claim 3, wherein the nanofiber mat is generally ring shaped and is arranged

on the substrate such that it contacts the user’s skin and encircles an opening of the micropore

formed by the microheating element.

5. The device of claim 4, wherein the nanofiber mat is loaded with more than one

antimicrobial material.

6. The device of claim 5, wherein one of the at least one antimicrobial material is LL-37.

7. The device of claim 1, wherein the substrate includes thereon multiple individually
controllable sites for accessing interstitial fluid of a user, each of the multiple individually
controllable sites including:

a mechanism for accessing the interstitial fluid of the user; and

a nanofiber mat loaded with at least one antimicrobial material.
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8. The device of claim 7, wherein the mechanism includes at least one electrically
controllable microheating element including at least a microheater portion with multiple

electrodes connected to the microheater portion.

9. The device of claim 8, wherein the microheating element causes a micropore in the user’s
skin.
10. The device of claim 9, wherein the nanofiber mat is generally ring shaped and is arranged

on the substrate such that it contacts the user’s skin and encircles an opening of the micropore

formed by the microheating element.

11. The device of claim 10, wherein the nanofiber mat is loaded with more than one

antimicrobial material.

12. The device of claim 11, wherein one of the at least one antimicrobial material is LL-37.

13. A hand-held device for electrochemically monitoring an analyte in interstitial fluid of a
user comprising:

a first end configured to contact the skin of the user, the first end including a mechanism
for ablating the skin of the user to form a micropore to access interstitial fluid and further
including a nanofiber mat formed thereon, the nanofiber mat including at least one antimicrobial
material;

a cartridge connected to the first end and having disposed therein a plurality of disposable
sensing elements for contacting interstitial fluid from the micropore to monitor an analyte
therein;

a second end connected electrically and mechanically to the cartridge and the first end for
facilitating operation of the mechanism for ablating the skin, dispensing of a disposable sensing

element and monitoring of the analyte.

14. The hand-held device of claim 13, wherein the mechanism for ablating the skin includes

at least one electrically controllable microheating element including at least a microheater

10
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portion with multiple electrodes connected to the microheater portion located at an open-ended

tip of the first end.

15.  The device of claim 14, wherein the nanofiber mat is generally ring shaped and is
arranged on the tip of the first end such that it contacts the user’s skin and encircles an opening

of the micropore formed by the microheating element.

16. The device of claim 15, wherein the nanofiber mat is loaded with more than one

antimicrobial material.

17. The device of claim 16, wherein one of the at least one antimicrobial material is LL-37.

18. A patch including multiple individually controllable sites for accessing interstitial fluid of
a user and monitoring at least one analyte therein, comprising:
a substrate having formed thereon the multiple individually controllable sites each
including:
a mechanism for producing a micropore in the user’s skin and accessing the
interstitial fluid of the user; and
a nanofiber mat loaded with at least one antimicrobial material; and

an adhesive for adhering the patch to the skin of the user.

19.  The patch of claim 18, wherein the mechanism includes at least one electrically
controllable microheating element including at least a microheater portion with multiple

electrodes connected to the microheater portion.

20. The device of claim 9, wherein the nanofiber mat is generally ring shaped and is arranged
on the substrate such that it contacts the user’s skin and encircles an opening of the micropore
formed by the microheating element; and further wherein the at least one antimicrobial material

is LL-37.

11
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21. A device for introducing at least one antimicrobial in an exposed region of a user’s skin
caused while accessing interstitial fluid of a user comprising:

a first substrate having thereon at least one electrically controllable microheating element
including at least a microheater portion with multiple electrodes connected to the microheater
portion for accessing the interstitial fluid of the user, the first substrate including a first hole
therethough which is aligned with the microheater portion of the microheating element; and

a second substrate having a nanofiber material containing at least one antimicrobial
applied thereto, the second substrate further including a second hole therethrough which is
aligned with the microheater portion of the microheating element;

the first and second substrates being aligned back to back such that the microheating
element is furthest from the user’s skin and the nanofiber material is in contact with the user’s

skin.

22. The device of claim 21, wherein one of the at least one antimicrobial is LL-37.

12
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