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* Polyurethanes in Drug Delivery System (DDS)-Intravaginal delivery of anti-HIV

: ASTE (drug delivery system)O| A Z2| R B2 LIS

= U= A (nanocarrier), SIO|EEH! (hydrogel), &= MEH AHEZE
(scaffold) .:o| M=o AFRE|OfXIC}, iEI o|Ete E2|3t8tA™ T A (physicochemical modification)} Jgod HHEH (3dvanced
fabrication tools including 3D printing)2| €8S £310], Q1Mo CtYAst £2|QF R MEEL|O FESE OUAZFEO E5S
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Figure 1. Diagram of "smart" intravaginal delivery system
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Figure 2. Time frame of HIV
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* Intravaginal ring (IVR)
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Figure 3. (A) positioning IVR, (B) diffusive transport of drug from an intravaginal ring directly into vaginal tissue or first into a thin
conducting layer of vaginal fluid and then into vaginal tissue, with transport into the blood being the ultimate sink.
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* pH-responsive intravaginal release of anti-HIV and nanocarrier
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* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery

2 AR M= M pH BIZE Z2| Y B2 e /dSt, 0| = IVRE| “window” membrane 2L £ K| &S0, pH H 30| [IH= anionic anti-
HIV Q! betulinic acid2f bevirimat2| model drug@! diclofenac sodium (NaDF)2| “on-demand” permeabilityS =215} S L

Figure 5. Diagram of proposed use of pH-responsive PU membrane as a window membrane of
reservoir-type IVR for controlled on-demand drug release. (A) reservoir-type IVR made of a non-
permeable polymer (B) holes for drug loading which are covered by pH-responsive PU membrane
(“window membrane®). (C) NaDF loaded in the hollow lumen of the reservoir-type IVR.
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* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery

Scheme 1. Synthesis scheme for pH-sensitive polyurethanes. (PEG-HEP-HDI-PG and PEG-HEP-MDI-PG).

3-6h I H H
1) HO—R;70OH + O=C=N—"R,N=(C=0 + HO—R;—0OH %O—RI—O—C—N—RZ—N—C—O—R3—O+
n

60°C I
O
Prepolymer
3~24h
2) Prepolymer + HO—R,~OH + O=C=N—R,~N=C=0 -
60°C
O O O
| H H | H H | H H
O—R4;~O—C—N—R,N—C O—R;O0—C—N—R,"N—C—0O—R;-0O C—N—R,N—C—0O—R,~0O
| | m I n I m
O O O
N\ N JEN Y,
Hard-segmant Soft-segmant Hard-segmant

R;: contain polyether (using polyethylene glycol (PEG))

R,: contain long alkyl chain (using hexamethylenediisocyanate (HDI) or hexamethylene di-p-phenyl diisocyanate (MDI) )
R5: contain tertiary amine group (using Bis-1,4-(hydroxyethyl)piperazine (HEP))

R,: contain alkyl chain (using propylene glycol (PG))

Acta Biomaterialia, 47: 100-112, 2017



* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery
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* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery

Figure 7. Reversible swelling ratio change of pH-responsive PU membranes (A) PEG-HEP-HDI-PG membrane and
(B) PEG-HEP-MDI-PG membrane at 37 °C. Data is expressed as mean + SD; n = 3.
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* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery
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Figure 8. Reversible morphology change of
pH-responsive PU membranes

(A) PEG-HEP-HDI-PG membrane and

(B) PEG-HEP-MDI-PG membrane.

Air-contacted surface during casting
membrane and mold-contacted surface
during casting membrane were
characterized.

Acta Biomaterialia, 47: 100-112, 2017




* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery
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* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery
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Figure 10. In vitro reversible drug permeation studies using
(A) non-pH-responsive PEG-HD-MDI-HD membrane as a
control (Ctrl PU Membrane) and

(B) pH-responsive PEG- HEP-HDI-PG membrane (PHHP
Membrane) and PEG-HEP-MDI-PG membrane (PHMP
Membrane).

Reversal permeation studies were conducted by shifting
the pH of the acceptor chamber medium from 4.5 to 7
every 3 h.

Temperature was maintained at 37 °C. Data is expressed as
mean = SD; n = 3.

Acta Biomaterialia, 47: 100-112, 2017




* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery

140

120

Cell Viability (%)
N OB o o
o o o o S

=

OVK2/E6E7 O SupTl

_ | I T II | 7 II
- 71
_II T II T I I T
i -
[0
N P D1 D3 D7 D15D30 D1 D3 D7 D15D30

PEG-HEP-HDI-PG PEG-HEP-MDI-PG

Figure 11. /n vitro biocompatibility evaluations of
the synthesized pH-responsive membranes using
VK2/E6E7 and Sup T1 cells.

MTS assay was performed to determine the cell
viability. MTS, a tetrazolium compound, can be
bioreduced by live cells into a colored formazan
product measurable at 490 nm.

Data is normalized to the negative control and
expressed as mean = SD; n =4,

Cells cultured in plain medium were used as
negative control.

1 M acrylamide dissolved in regular cell culture
medium was used to induced cell death in positive
control groups. N, negative control; P, positive
control. p < 0.05 versus negative control.
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* Reversibly pH-responsive polyurethane membranes for on-demand intravaginal drug delivery
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Figure 12. Impact of pH-responsive PU membranes on
proinflammatory cytokine production (A) Interleukin (IL)-
1b, (B) IL-6, and (C) IL-8 production.

Plain medium was used as a negative control, and 200
lg/mL of nonoxynol-9 or 50 Ig/mL of lipopolysaccharide-
treated cells were used as positive controls for IL-1b and
IL-6/1L- 8, respectively.

Data is expressed as mean = SD; n = 4. p < 0.05 versus
negative control.
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* Design and development of pH-responsive polyurethane membranes for intravaginal release of nanomedicines

= A0 = E* =l M pH B2 =2| 28| Bt (PEG-HEP-MDI-PG)= IVR2| interconnected porous electrospun “window”
membraneEE 4| 2tSHY, pH H 30| [HE anti-HIV nanocarrier2| “on-demand” permeabilityS 2+Ql S}QILCt,

Figure 13. Diagram of the proposed use of the electrospun porous pH-responsive PU membrane as a “window” membrane in reservoir-IVR for
controlled release of anionic nanoparticles release: (A) IVR; (B) window membrane; (C) reservoir. pH-responsive change in electrostatic interaction
between the pH-responsive membranes and the anionic nanoparticles and morphology of the membrane contribute to the smart release of
nanoparticles.

close-to-zero release of NPs continuous release of NPs
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* Design and development of pH-responsive polyurethane membranes for intravaginal release of nanomedicines

x 1,000 x 5,000 Cross-section
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pH 4.5 Dry

pH 7.0

Dry

.

m m /J

PEG-HD-MDI-HD membrane
pH 4.5
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& 10 pm

Figure 14. Morphology of electrospun porous pH-responsive PU (PEG-HEP-
MDI-PG) membrane (DMF:THF = 3:7): dry (A), pH 4.5 (B), pH 7.0 (C),

and control PU (PEG-HD-MDI- HD) membrane: dry (D), pH 4.5 (E), pH 7.0 (F).
The red arrows represent the membrane thickness.

Scale bars are shown in the images.

Table 1. Average pore size and diameter of electrospun porous pH-
responsive (PEG-HEP-MDI-PG) and control (PEG-HD-MDI-HD) PU membrane
at dry and wet conditions in VFS at pH 4.5 and 7.0.

ey | puas | puro

_ Average pore size (ium) 2.3+0.7 1.8+0.6 2.2+0.6
pH-responsive

Average diameter of fibers (um) 0904 1.4+0.5 1.2+0.5

(PEG-HEP-MDI-PG)

Average thickness (um) 28.6 £0.7 50+2 35+1
Average pore size (ium) 2.0+£0.6 1.5+04 1.7+0.4
Control

Average diameter of fibers (um) 0.7+0.2 09+0.3 0.8+0.2

(PEG-HD-MDI-PG)
Average thickness (um) 229+0.8 29+2 25.0+0.9

Acta Biomaterialia, 82: 12-23, 2018




* Design and development of pH-responsive polyurethane membranes for intravaginal release of nanomedicines

Figure 15. Influence of streaming pH on the zeta-potential of the electrospun PU membranes at pH ranging from
3.5 to 8.5. (A) Control PU (PEG-HD-MDI-HD) membrane and (B) porous pH-responsive PU (PEG-HEP-MDI-PG)
membrane. Data are expressed as mean + SD; n = 3. Zeta-potential was calculated using the Helmholtz—
Smoluchowski equation.
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* Design and development of pH-responsive polyurethane membranes for intravaginal release of nanomedicines
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Figure 16. /n vitro nanoparticle permeation studies of
(A) control PU (PEG-HD-MDI-HD) membrane,

(B) porous pH-responsive PU (PEG-HEP-MDI-PG)
membrane, and

(C) photo of the study using porous pH-responsive PU
(PEG-HEP-MDI-PG) membrane by Franz cells.

Cumulative release of the nanoparticle in percentage
(%) for 24 h was evaluated at pH 4.5, pH 5.5, and pH
7.0.

Anionic blue-dyed nanoparticles (PSNs, 200 nm) were
used.

Temperature was maintained at 37 °C.

Data are expressed as mean + SD; n = 3. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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* Design and development of pH-responsive polyurethane membranes for intravaginal release of nanomedicines

Figure 17. In vitro biocompatibility of porous pH-
responsive PU (PEG-HEP-MDI-PG) membrane tested with
VK2/E6E7 and Sup-T1 cells. MTS assay was conducted for
analyzing cell viability. Data are normalized to the negative
control and expressed as mean £ SD; n = 3. One-way
analysis of variance was performed for all results, with p <
0.05 considered as significant. Negative control includes
the cells cultured in the medium only. To induce cell death
in positive control, 1 M acrylamide dissolved in regular cell
culture medium was used. N: negative control, P: positive
control.
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Figure 18. Impact of porous pH-responsive PU
(PEG-HEP-MDI-PG) membrane on proinflammatory
cytokine production (A) Interleukin IL-1b, (B) IL-6,
and (C) IL-8 production.

Negative control was a plain medium, and positive
control was 200 mg/mL of nonoxynol-9 or 50
mg/mL of lipopolysaccharide-treated cells for IL-1b
and IL-6/IL-8, respectively.

Data are expressed as mean £ SD; n = 3. One-way
analysis of variance was performed for all results,
with p < 0.05 considered as significant. N: negative
control, P: positive control.
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* Switchable On-Demand Release of a Nanocarrier from a Segmented Reservoir Type Intravaginal Ring Filled with a
pH-Responsive Supramolecular Polyurethane Hydrogel

; 2 RN = M pH 22 E2| 22| EF (PEG-DMPA-HDI-PG) SIO0| E2 S M| Z=510] A B =l intravaginal
nanocarrier (PASP-PEG-Ph-Orange)2t IVRO|| & & S} 04, pH-responsive switchable “on-demand” release S 2t 9IS Lt

Figure 19. Diagram of the proposed switchable “on-demand” release of a nanocarrier from Intravaginal Ring Filled with a pH-Responsive
Supramolecular Polyurethane Hydrogel.

pH 4.2 pH 7.0

/ reservoir

little or no release of nanocarrier triggered release of nanocarrier
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* Switchable On-Demand Release of a Nanocarrier from a Segmented Reservoir Type Intravaginal Ring Filled with a
pH-Responsive Supramolecular Polyurethane Hydrogel

Scheme 2. Synthesis of pH-Sensitive PU Copolymers: (A) PEG-DMPA-HDI and (B) PEG-DMPA-HDI-PG.
A HO. O
HO/\/(O\A\DOH + HO/\\|/LOH + OCN—(CH,)s—NCO
PEG CHs HDI
DMPA
Prepolymer
B
OH
HO/\‘/ +  OCN—(CHj)s—NCO
Prepolymer +
pos PG HDI
24 h 0 - -
s0°C Jf Prepoly ’”e"\N)q\[oﬂ/OTNWCHyKNTO]L PEG-DMPA-HDI-PG
H q o ! r

ACS Applied Bio Materials, 1, 3: 652-662, 2018



* Switchable On-Demand Release of a Nanocarrier from a Segmented Reservoir Type Intravaginal Ring Filled with a
pH-Responsive Supramolecular Polyurethane Hydrogel

Figure 20. Turbidity change at 10 mg/mL (A) and acid-base titration profile at 1 mg/mL (B) of PEG-DMPA-HDI and PEG-DMPA-HDI-PG. Data is
expressed as mean £ SD; n =3.
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* Switchable On-Demand Release of a Nanocarrier from a Segmented Reservoir Type Intravaginal Ring Filled with a
pH-Responsive Supramolecular Polyurethane Hydrogel

Scheme 3. Synthesis of Orange Il Conjugated NP Based on PEGylated Polyaspartic Acid (PASP-PEG-Ph-Orange).

< § e
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* Switchable On-Demand Release of a Nanocarrier from a Segmented Reservoir Type Intravaginal Ring Filled with a

pH-Responsive Supramolecular Polyurethane Hydrogel

is expressed as mean £ SD; n =3.
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Figure 21. (A) UV-vis absorbance spectra of Orange Il conjugated NPs (PASP-PEG-Ph-Orange) (0.1 mg/mL, in PBS, at pH 3.5, 4.5, 7.0, and 37 °C).
(B) Fluorescence emission spectra of PASP-PEG-Ph-Orange with the excitation of 480 nm (0.1 mg/mlL, in PBS, at pH 3.5, 4.5, 7.0, and 37 °C). Data
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* Switchable On-Demand Release of a Nanocarrier from a Segmented Reservoir Type Intravaginal Ring Filled with a
pH-Responsive Supramolecular Polyurethane Hydrogel

>

Figure 22. Diagram of the proposed use of pH-responsive supra- molecular
PU hydrogels in reservoir-IVR for the switchable on- demand release of
nanoparticles.
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Figure 23. In vitro switchable on-demand release of PASP-PEG-Ph- Orange NPs using S a0 [
pH-responsive supramolecular PU hydrogels: (A) PEG-DMPA-HDI and (B) PEG-DMPA- L s J J
HDI-PG. Data is expressed as mean = SD; n =3. Z 10
5
N == .
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