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Introduction

Polymeric materials that undergo transformation of their
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pH-Responsive Nanofiber Buttresses as Local Drug Delivery
Devices

Ismail Altinbasak,? Salli Kocak,® Aaron H. Colby,° Yasin Alp,2 Rana Sanyal,®® Mark W. Grinstaff,cd*
and Amitav Sanyal,®°*

Electrospun nanofibers are a 3D scaffold of choice for many drug delivery devices due to their high surface area, significant
capacity for drug payload, ease of in situ placement, and scalable manufacture. Herein, we report the synthesis of
polymeric, pH-responsive nanofiber buttresses via electrospinning. The homopolymer is comprised of an acrylic backbone
with acid-sensitive, hydrolyzable, trimethoxybenzaldehyde-protected side chains that lead to buttress transformation from
a hydrophobic to a hydrophilic state under physiologically relevant pH conditions (e.g., extracellular tumor environment
with pH = 6.5). Hydrolysis of the side chains leads to an increase in fiber diameter from approximately 400 to 800 nm and
the release of the encapsulated drug cargo. In vitro drug release profiles demonstrate that significantly more drug is
released at pH 5.5 compared to pH 7.4, thereby limiting the release to the target site, with docetaxel releasing over 20
days and doxorubicin over 7 days. Drug burst release, defined as >50% within 24 hours, does not occur at either pH or with
either drug. Drug-loaded buttresses preserve drug activity and are cytotoxic to multiple human cancer lines, including
breast and lung. Important to their potential application in surgical applications, the tensile strength of the buttresses is
6.3 kPa and, though weaker than commercially available buttresses, they provide sufficient flexibility and mechanical
integrity to serve as buttressing materials via the application with a conventional surgical cutting stapler.

well as efficient drug-loading, their functionalizable surface
chemistry, and their ease of in situ placement at a target site
during surgical procedures.?>32 Furthermore, electrospinning is
a robust and scalable industrial process, thereby enabling

chemical, physical, and/or mechanical properties in response
to environmental changes are of significant interest in myriad
applications.’® Light,5® temperature,® pH,1°
magnetism?'! or exposure to a specific biological molecule are

biomedical

examples of relevant stimuli.’>14 Of these, pH is one of the
most studied as differences in pH between neighboring tissues
(e.g., stomach vs. intestine), within the extracellular matrix of
tumors (pH 6.5) and within the intracellular compartments of
cells (pH 5) allow for accurate triggering of systems based on
physiological location.’>® Common form factors for such
stimuli-responsive polymer materials include: micro- and
nano-particles,'®2° hydrogels,?22 surfaces and coatings,?? and
Electrospun particularly

advantageous in drug delivery applications due to their high

nanofibers.24 nanofibers are

surface area to volume ratio, their capacity for both high as
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ready access to large-scale production of such materials for
clinical applications.3334

Stimuli-responsive nanofibers, and their corresponding
macroscopic polymer buttresses, have been designed to
leverage changes in temperature3® or pH,3¢ the application of
light3” or ultrasound,3® and even increases in oxidative stress3?®
to trigger drug release. In general, stimuli such as light,
ultrasound, and temperature are pragmatic only for on-
demand drug release over relatively short periods of time and
are restricted to tissue locations accessible to these externally
applied stimuli.4%41 On the other hand, endogenous stimuli,
such as changes in local redox or pH, may occur over longer
periods, thereby affording the opportunity to control drug
release over extended periods of time.*?43 For example, Li and
coworkers reported pH-responsive nanofibers composed of
triblock copolymers comprised of poly(D,L-lactide) as terminal
blocks and an acetal-linked poly(ethylene glycol) central
block.%* The fiber morphology of this system gradually changes
after incubation in pH 7.4, 5.6, and 4.0 buffer solutions with
eventual loss of the fiber structure. Entrapped paracetamol
(logP = 0.46) releases from the nanofibers over 120 hours in a
pH-dependent manner, with the fastest release occurring in a
pH = 4 buffer. However, a limitation of this system is significant
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passive release, regardless of pH, leading to rapid emptying of
the delivery vehicle within a matter of days.

As an alternative to a hydrolytic polymer backbone, which
undergoes degradation to release its drug payload, we employ
a polymer with a non-hydrolyzable methacrylate backbone
with acid-labile side chains that undergo cleavage under mildly
acidic conditions thereby resulting in an overall change in the
polymer composition from hydrophobic to hydrophilic. Due to
the presence of the methacrylate backbone, the fibers can
maintain their structure, rather than degrading/dissolving into
solution, while swelling and, subsequently, increasing in
diameter. The 2,4,6-trimethoxybenzaldehyde moiety, reported
by Fréchet* and Grinstaff,*647 is one example of an acid-labile
protecting group that is, itself, hydrophobic in nature and,
upon cleavage, can afford two hydrophilic hydroxyl groups. For
example, Fréchet-type amphiphilic dendrons terminated with
2,4,6-trimethoxy benzaldehyde acetal groups assemble into
micelles and encapsulate doxorubicin.*> Hydrolysis of the
acetal group at pH 6 results in release of doxorubicin and
disruption of the micelle. Grinstaff and coworkers describe a
methacrylate-based diol monomer protected with a 2,4,6-
trimethoxybenzaldehyde moiety for preparing polymeric
nanoparticles via a mini-emulsion polymerization technique. In
their initial state, the 100 nm particles are hydrophobic but
when exposed to a mildly acidic environment of pH 5-6, they
swell in diameter to 1,000 nm; as a result of this swelling
behavior, they are termed “expansile nanoparticles” (eNPs).*”
Drug loaded eNPs are readily taken up by multiple cancer
cells*®51 and localize with high specificity to mesothelioma,
ovarian and pancreatic tumors following intraperitoneal
injection.>>>3 |mproved outcomes have been shown in
xenograft murine models of pancreatic cancer,*® breast
cancer,*® mesothelioma,>* and ovarian cancer.>®

Herein, we repurposed this eNP polymer to create drug-
loaded nanofibers that can be formed into surgical buttresses
to enable site-specific, pH-controlled drug release (Scheme 1).
We report the free radical polymerization of a 2,4,6-
trimethoxybenzaldehyde-containing methacrylate monomer

Electrospun
drug-loaded
nanofiber
buttress .~

Rotating metal drum

serves as collector 7\

Solution of pH-
responsive polymer

Voltage differential between
syringe and collector

300 - 800 nm fibers are stable
and hydrophobic at pH 7.4
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and the subsequent fabrication of electrospun buttresses using
this polymer. Both hydrophilic (doxorubicin) and hydrophobic
(docetaxel) drugs are loaded into the nanofibers as
characterized by scanning electron microscopy (SEM), and
confocal microscopy. The nanofibers retain their shape but
increase in size while swelling in a mildly acidic buffer solution.
Docetaxel and doxorubicin release from the nanofiber
buttresses is negligible at neutral pH and occurs more rapidly
in a mildly acidic buffer solution. Released drug is still active
and cytotoxic to lung (NCI-H460, A549) and breast cancer
(MDA-MB-231) cells.

Experimental section
Materials.

2,4,6-Trimethoxybenzaldehyde was purchased from Acros Organics.
1,1,1-Tris(hydroxymethyl)ethane was purchased from Alfa Aesar.
Methacryloyl chloride was purchased from Sigma Aldrich. The
organic solvents dichloromethane, hexane, dimethylformamide,
and methanol were analytical grade and purchased from Sigma
Aldrich. Doxorubicin hydrochloride and fluorescein amine, isomer |
were purchased from Sigma Aldrich. These chemicals were used
without further purification. MDA-MB-231, A549, and NCI-H460 cell
lines were purchased from ATCC (LGC Standards, Germany) and
grown according to the culture method requirements of the
manufacturer. Cells were incubated at 37 °C in a humidified
atmosphere of 5% CO,. Cytotoxicity experiments were performed
with a plate reader (Multiscan FC, Thermo Scientific, USA) and Cell
Counting Kit8 (CCK-8, Fluka) obtained from Sigma-Aldrich. The
monomer was prepared according to previously reported
literature.*7-6

Synthesis of pH-responsive polymer.

Synthesis of homopolymer has been reported by Grinstaff and
coworkers previously.>® Briefly, the monomer (0.55 g, 1.5 mmol,
150 equiv.), AIBN (0.16 mg, 0.001 mmol, 0.1 equiv.), and the solvent
dimethylacetamide (0.41 mL) were added to a round bottom flask.
The solution was purged with N, gas for 30 minutes. After 30

acidic
aqueous
environment

At pH 5.5 - 6.5 fibers undergo hydrolysis,
become hydrophilic, swell and release drug

o—
o
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Scheme 1 lllustration of the fabrication and application of pH-responsive nanofiber buttresses. The hydrophobic group of nanofiber is
cleaved at lower pH. This transformation from hydrophobic to hydrophilic results in swelling and drug release from the nanofiber.
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minutes, the solution was put in an oil bath at 80 °C for two hours.
To purify the highly-dense polymer solution, the resulting mixture

was diluted with 10 mL of dichloromethane and precipitated in cold
ether. Polymers with 140 and 320 kDa (M,,) were characterized by
size exclusion chromatography using Shimadzu PSS-SDV (length/ID
8 x 300 nm, 10 um particle calibrated  with
polymethylmethacrylate standards wusing a refractive index
detector. The structure of the polymer was confirmed by 'H NMR.

size)

Fabrication and characterization of drug-loaded nanofibers.

For a typical experiment, a polymer solution of 17 wt% and drug
(docetaxel or doxorubicin) 1 wt%, and fluorescein amine 1 wt% in
1:1 (v/v) DMF:THF solvent mixture was prepared and the solution
was stirred for 24 h at room temperature. Clear polymer/drug
solution was electrospun using a syringe pump (KD Scientific 101) at
a constant flow rate (0.005 mL/min) with a 1 mL syringe fitted with
a 14-gauge needle with 15 kV. The tip to collector distance was
maintained at 15 c¢cm during the electrospinning process. Fibers
were collected on a rotating aluminum drum for further use. To
calculate the drug loading efficiency, the nanofiber buttress was
dissolved in dichloromethane and the solution was precipitated in
methanol and the aliquot was analyzed via liquid chromatography-
mass  spectrometry  (LC-MS) using an  LC-MS-2020-Mass
Spectrometer System (Shimadzu, Japan). To
fluorescein amine loading efficiency, the aliquot was analyzed via
UV-Vis spectrophotometry using a Cary Varian UV-Vis spectrometer
(Santa Clara, CA). Surface morphology was analyzed with scanning
electron microscopy using a JEOL NeoScope JCM-5000. Distribution
of doxorubicin in the nanofiber buttress was evaluated using a
confocal laser scanning microscope (Leica TCS SP5). The static
contact angle of a water droplet on electrospun nanofiber
buttresses was measured under open-air conditions. Approximately
25 plL of deionized water was dropped on the surface and images
were taken via an integrated digital camera. The software of the
camera provides contact angle measurements once the liquid is
dispensed. Freshly prepared nanofiber buttresses incubated in
water and buffer solutions with different incubation times were
used to measure contact angles after they were washed with
distilled water to remove residual salt remaining from the buffer
solutions used for incubation. Mechanical testing of the drug-
loaded buttresses was performed using an Instron 5944 Microtester
with 1 cm x 10 cm shaped rectangles secured at each end with
binder clips and a nominal strain rate of 1 mm/s.

calculate the

Hydrolysis of nanofibers.

Hydrolysis studies were performed in phosphate-buffered saline
(PBS) (1 mL, pH 7.4), phosphate buffer (1 mL, pH 6.5), or acetate
buffer (1 mL pH 5.5) in an environmentally controlled thermal
shaker at 37 °C with samples shaking at 100 rpm. The amount of
2,4,6-trimethoxybenzaldehyde protecting group released at each
time point was quantified via LC-MS.

In vitro drug and fluorescein-amine release from nanofibers.

Studies were performed in PBS (1 mL, pH 7.4), phosphate buffer (1
mL, pH 6.5), or acetate buffer (1 mL pH 5.5) in an environmentally
controlled thermal shaker at 37 °C with samples shaking at 100

This journal is © The Royal Society of Chemistry 20xx
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rom. Additionally, drug release studies were also performed in 2
different cell culture media (RPMI-HEPES) at pH 7.4 and pH 6.5. The
amount of drug released into the solutions at each time point was
monitored via LC-MS/MS (Shimadzu triple quadrupole 8040) and
the amount of fluorescein amine released in solution was
monitored via UV-VIS spectrophotometer.

Cytotoxicity assay.

Cytotoxicity of the drug-loaded buttresses was evaluated using a
CCK-8 viability assay on MDA-MB-231, A549, and NCI-H460 cells.
Cells were seeded into 96-well plates (6,000, 7,000, 10,000
cells/well, respectively) in quadruplicate and incubated at 37 °C
overnight to allow for complete adherence. For free drug
treatments, the doxorubicin stock solution was prepared as 1073 M
(with 2.5% DMSO) to ensure complete dissolution of free
doxorubicin. Serial dilutions were made from stock solution (1073
M) using cell media and the final DMSO concentration in each well
was kept below 0.5% (v/v). Nanofibers with doxorubicin (1 mg/mL)
and empty nanofibers for control (1 mg/mL) were incubated in
media (pH 6.5 and pH 7.4) at 37 °C for 5 days. For aliquots from
drug loaded nanofibers, one to five dilutions were made with fresh
media before adding the solution to cells. For aliquots from control
nanofibers, one to ten serial dilution were made with fresh media
before addition to the cells. After 48 h, CCK-8 solution (0.1%) was
added to each well. After two hours of incubation, the absorbance
values were measured with a plate reader (Multiscan FC, Thermo
Scientific, USA) at 450 nm. Cell viability of treated cells was
determined according to the percentage of control cells (cell media
only). Results were calculated using GraphPad Prism software using
a nonlinear regression mode.

Results and discussion
Synthesis of pH-responsive polymer.

To manufacture a pH-responsive polymer buttress drug delivery
system, we first synthesized an acid-labile methacrylate monomer
for subsequent polymerization and buttress fabrication. Specifically,
5-methyl-2-(2,4,6-trimethoxyphenyl)-[1,3]-5-dioxanylmethyl
methacrylate, an acetal-containing pH-sensitive hydrophobic
monomer obtained using 2,4,6-trimethoxybenzaldehyde as a
building block was prepared. According to a previously reported
protocol,*’:5¢ we reacted 2,4,6-trimethoxybenzaldehyde with 1,1,1-
tris(hydroxymethyl)ethane to obtain an acetal-containing alcohol,
which was coupled to methacryloyl chloride to yield the monomer
in high yield and purity. Using this monomer, we performed a
conventional free radical polymerization to obtain the polymers in
good vyield (90%) and high molecular weight. Specifically, the
monomer was polymerized in the presence of varying amounts of
AIBN at 80 °C for two hours in dimethylacetamide to afford
polymers with weight average molecular weight of approximately
140 kDa and 320 kDa, with polydispersity index of 2.5 and 2.2,
respectively, as determined using size exclusion chromatography
(Fig. S1). The chemical composition of the polymer was confirmed
using 'H NMR spectroscopy (Fig. S2).

J. Name., 2013, 00, 1-3 | 3
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Fabrication of drug-loaded pH-responsive nanofibers.

We fabricated nanofibers and corresponding buttresses via
electrospinning. We targeted two different nanofiber diameters to
determine whether smaller diameter nanofibers would release drug
more rapidly due to an increase in the surface area to volume ratio.

Using polymers of molecular weights 140 kDa and 320 kDa, we
obtained nanofibers with significantly different (p < 0.0001)
diameters of 350 + 64 and 800 +125 nm, respectively. We used a
DMF/THF (1:1) solvent mixture, with a flow rate of 0.005 mL/min,
and a 15 kV voltage potential between collector-needle at 15 cm to
obtain bead-free, uniform nanofibers (Fig. 1a-d). Compounds (e.g.,
doxorubicin, docetaxel or fluorescein amine) were loaded into the
fibers by dissolving them in the DMF/THF solvent prior to
electrospinning. The spatial distribution of doxorubicin was
assessed via confocal laser microscopy and found to be relatively
homogeneous (Fig. 1le). Loading efficiency of drugs within
nanofibers was calculated by dissolving the fibers in a minimal
amount of CH,Cl,, followed by removal of the polymer by
precipitation in CH3;OH and centrifugation. The loading efficiencies
of doxorubicin, docetaxel, and fluorescein amine were found to be
71%, 64%, and 27%, respectively, as quantified by LC-MSMS.

[ .
200 400 60O 800 1000 1200
Diameter {nm)

200 400 T}
Diameter (nm)

50 um
i s s

Fig. 1 SEM images of nanofibers with (a) 350 nm and (b) 800 nm diameters
with their size distribution histograms, (c) and (d), respectively, and (e)
representative  confocal doxorubicin-loaded

microscopy image of

nanofibers.

pH-responsiveness of nanofibers.

To characterize the response of the nanofiber buttresses to pH
changes, we measured their surface contact angle. Since acetal
bonds are highly sensitive to low pH, they hydrolyze with release of
the hydrophobic trimethoxybenzaldehyde groups with formation of
hydrophilic diols along the polymer backbone (Fig. 2a). The contact

4| J. Name., 2012, 00, 1-3

angle of deionized water on a dry nanofiber buttress was
approximately 140°, indicating the strongly hydrophobic nature of
these materials (Fig. 2b). Incubating the nanofiber in water or PBS
(pH 7.4) for up to 2 days did not result in major changes in contact
angle (Fig. 2d). In contrast, when the nanofiber buttresses were
immersed in an acidic buffer (pH 5.5), we observed a significant
decrease in the contact angle to 107° after 3 hours with a further
decrease to 60° after 6 hours (Fig. 2c). Over the next three days, the
rate of change in contact angle did not decrease further, suggesting
that most of the surface had already transformed from a
hydrophobic to a hydrophilic state (Fig. 2e).

To further characterize this transformation and corroborate the
contact angle findings, we measured the release kinetics of the
trimethoxybenzaldehyde protecting group from the nanofiber
buttress as a function of pH and time. As quantified by LC-MS,
release of trimethoxybenzaldehyde from the buttress at pH 7.4 was
minimal, with only 15% release after 28 days. In contrast, nearly
75% of the trimethoxybenzaldehyde was released at pH 5.5 over
the same timeframe. To mimic the pH environment of tumor tissue,
we repeated the study at a mildly acidic condition of pH 6.5. The
release of trimethoxybenzaldehyde was more than 2-fold greater at
pH 6.5 compared to the release in neutral pH, but slower than at pH
5.5 (Fig. 2f).

o7

Low pH

Contact angle 140° Contact angle 60°
b) c)
52001 mControl MpH 5.5 WpH 55
o 160 ®WWater HpHT74
2 120
<
ag 80 +
= 40 "E 40
2 8 o . |
0 © 0 10 20 30 40 50 60 70 80

1_. 2
Time (day) Time (hour)

f) 100
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o
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@
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Qo
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o
0 st ——
(] 10 20 30

Time (day)

Fig. 2 (a) Schematic of pH-labile polymer cleavage and fiber
swelling. Image of water droplet on (b) nanofiber buttress
incubated in PBS or (c) on a nanofiber buttress incubated in pH 5.5
buffer. (d) Contact angle measurements of nanofiber buttresses
incubated in different conditions (control = air). (e) Change in
contact angle of nanofiber buttresses in an acidic buffer. (f) Release

This journal is © The Royal Society of Chemistry 20xx
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kinetics of trimethoxybenzaldehyde from nanofiber buttresses as a
function of pH and time at 37 °C (N=3).

The increase in hydrophilicity of the polymer fibers was
expected to result in swelling, manifest as an increase in average
fiber diameter over time. Therefore, we used SEM to monitor the
size of nanofibers incubated under various pH conditions. Nanofiber
buttresses incubated in PBS for four weeks at 37 °C showed no
significant change in fiber morphology or diameter (Fig. 3a, c).

1 z 3
Time (week)

Fig. 3 (a) SEM image of nanofibers prior to incubation in aqueous
solution. (b) Change in fiber diameter as a function of time and
buffer pH (N=3). (c) SEM image of nanofibers after incubation for
four weeks in pH 7.4 PBS and (d) after four weeks in pH 5.5 aqueous
buffer.

In contrast, nanofiber buttresses incubated in pH 5.5 aqueous
buffer over the same timeframe showed a three-fold increase in
fiber diameter (Fig. 3d). Interestingly, by four weeks, the fibers
began to lose their distinct shape and coalesce into larger,
amorphous structures. This difference in morphology and increase
in nanofiber diameter is consistent with hydrolysis and swelling of
the polymer observed in other applications, such as with
nanoparticles of the same material.>”

Effect of fiber diameter on release rate of an encapsulated cargo.

To evaluate the impact of fiber diameter on the release rate of
an encapsulated small molecule cargo, we loaded the nanofibers
with fluorescein amine. Fluorescein amine-loaded nanofiber
buttresses with average diameters of 350 nm and 800 nm were
immersed in pH 5.5 and pH 7.4 aqueous buffer and incubated in a
thermal shaker at 100 rpm at 37 °C for nine days. Aliquots of
release medium were taken daily and analyzed via UV-vis
spectroscopy. As shown in Fig. 4, fiber diameter significantly
impacted the release rate of fluorescein amine with 100% release
from the 350 nm diameter fibers occurring within five days

This journal is © The Royal Society of Chemistry 20xx
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compared to only 30% release from the 800 nm diameter fibers
over the same period. The 800 nm diameter fibers took fully nine
days to release 100% of their cargo. This nearly two-fold difference
in release rate is likely due to the increased surface area to volume
ratio of the 350 nm fibers compared to the 800 nm fibers which
leads to both faster hydrolysis of the pH-responsive polymer as well
as ensuing release of cargo. A similar trend in fluorescein release
based on nanofiber diameter was also observed at pH 7.4 (Fig. S3).
This is unsurprising as the influence of surface area to volume ratio
(i.e., that smaller fibers with greater surface area to volume ratios
release faster) may be expected to be similar regardless of whether
drug is merely “leaking” out at pH 7.4 or actively being released due
to swelling at pH 5.5.

- -
@ W o N
o o o o

-9
o

H 350 nm
H800nm

Release (%)

[
o

o

0 2_ 4 6 8 10
Time (day)
Fig. 4. The release of fluorescein amine from nanofiber buttresses
as a function of fiber diameter and time while incubated in pH 5.5
aqueous buffer (N=3).

pH-responsive drug release from the nanofibers.

Due to the faster response time (i.e., shorter lag between pH
change and induction of significant drug release) of the smaller, 350
nm diameter fiber system, we chose to use these in subsequent
studies evaluating the encapsulation and release of
chemotherapeutic agents to shorten experimental duration of
these studies and, therein, reduce potential confounding factors.
We characterized the release of both of a hydrophilic drug
(doxorubicin; log p = 1.3) and a hydrophobic drug (docetaxel; log p =
2.4) from the nanofiber buttresses incubated in both aqueous
buffer solutions (pH 5.5 and 7.4) as well as cell culture media (RPMI-
HEPES) adjusted to pH 7.4 and 6.5. Docetaxel did not release from
the buttresses at pH 7.4 over eighteen days (Fig. 5a). In contrast,
measurable release of docetaxel began after seven days of
incubation at pH 5.5 with 100% release by day eighteen. Similar
trends were observed with doxorubicin; however, the time scale of
release was substantially shorter. At neutral pH, doxorubicin did not
release from the buttresses. However, at pH 5.5, doxorubicin
release began within 24 hours of incubation and reached 100%
within six days (Fig. 5b). The faster rate of release of doxorubicin

J. Name., 2013, 00, 1-3 | 5
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compared to docetaxel is to be expected based on its significantly
more hydrophilic nature compared to docetaxel, which leads to
greater affinity for the surrounding aqueous environment. Digital
images of doxorubicin loaded nanofiber buttresses before and after
the release at pH 5.5 (acetate buffer), and at pH 6.5 and 7.4 in
RPMI-HEPES cell medium showed that while the fiber mat slowly
dissolves at pH 5.5, it remains physically intact during this period at
the higher pH’s (Fig. S4).

A TmpHss
2 80-
o 601
® 40
% 20+
& o
0 246 8101214161820
Time (day)
b) 120
100 WPH5.5 i m
§ an_-pH 7.4 :
o 60
& a0/
% 20-
2 )
0 1 2 3 4 5 6 7
Time (day)
c) 100
go| W PHGE.5

mpH74

0 10 20 30 40 50
Time (day)
Fig. 5. Release of (a) docetaxel and (b) doxorubicin from nanofiber
buttresses as a function of time and pH in aqueous buffer. (c)

Release of doxorubicin from nanofiber buttresses as a function of
time and pH in RPMI-HEPES media (all data N>3).

Given the negligible release of doxorubicin at pH 7.4 over seven
days, we performed an extended study in which doxorubicin
release was monitored for four months under the same conditions
as the previous study. Notably, the nanofibers retained the
doxorubicin cargo without appreciable “leakage” (i.e., unintended
release at neutral pH) for the duration of the four-month study.

6 | J. Name., 2012, 00, 1-3
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Furthermore, extraction and quantification of the payload after four
months demonstrated that the doxorubicin payload was preserved
within the fibers without degradation (Fig. S5).

Similarly, based upon the rapid release of doxorubicin observed
at pH 5.5, we chose to evaluate its release rate at pH 6.5. This
slightly higher, yet still mildly acidic, pH is physiologically relevant as
it is a hallmark of the tumoral microenvironment®®> and a device
implanted against the tumor bed may be expected to be exposed to
these conditions. Compared to pH 5.5, doxorubicin release at
pH 6.5 was slower, reaching approximately 13% release after two
weeks. As before, no significant release was observed in pH 7.4 (Fig.
S6).

Lastly, in order to more accurately model physiological drug
release conditions, we repeated the doxorubicin release studies in
cell media (RPMI-HEPES), as opposed to simple aqueous buffers,
adjusted to pH 6.5 and pH 7.4. Fig. 5¢c shows that the release profile
of doxorubicin from nanofibers in cell culture was, again, pH-
dependent. Sustained release of doxorubicin occurred at pH 6.5
with 70% of the payload being released by day forty-five. Negligible
release occurred at pH 7.4 (2% over the same period). Notably, the
release was significantly faster in media than in simple aqueous
buffer (~25% v. ~13% release over two weeks, respectively; Fig. 5¢
and Fig. S6). This is likely the result of the presence of proteins in
the media, which leads to faster wetting of the fibers and, hence,
hydrolysis, as well as serving to increase the affinity of the drug for
the sink.

In vitro cell viability studies.

First, we assessed the cytotoxicity of unloaded nanofiber
buttresses by immersing them in DMEM cell culture media at pH
7.4 and pH 6.5 for five days. This media was then serially diluted 10-
, 100- or 1000-fold with fresh media and MDA-MB-231 breast
cancer cells were incubated in these dilutions for two days. No
cytotoxicity was observed from the unloaded buttresses (Fig. 6a).
Furthermore, no significant cytotoxicity was observed when cells
were incubated with the degradation product components of the
nanofiber mat, i.e. polyacrylic acid, 2,4,6-trimethoxybenzaldehyde
and 1,1,1-trishydroxymethyl) ethane (Fig. S7).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Cytotoxicity of supernatant from unloaded nanofibers
incubated at pH 6.5 or 7.4 diluted and incubated with MDA-MB-231
cells. (b) Cytotoxicity of supernatant from doxorubicin-loaded
nanofibers incubated at pH 6.5 or 7.4 diluted and incubated with
MDA-MB-231, A549, and NCI-H460 cells. (c) Cytotoxicity of free
doxorubicin on MDA-MB-231, A549, and NCI-H460 cells (all data
N>3).

We then repeated this study with doxorubicin-loaded
buttresses. Supernatant from buttresses incubated at pH 7.4, as
expected, showed no cytotoxicity; while, in contrast, the
supernatant from buttresses incubated at pH 6.5 significantly
reduced cell viability in three different human cancer cell lines,
including: breast cancer (MDA-MB-231) and lung cancer (NCI-H460
and A549; Fig. 6b). We used LC-MS to quantify doxorubicin release
from the buttresses and, hence, present in the treatment of these
cells. The final concentration of doxorubicin in the cell culture
media was found to be 0.2 pM. The resultant ~20% to 40%
reduction in cell viability is consistent with the ECs values for two-
day treatments of doxorubicin alone (i.e., free drug not loaded into
a buttress) in MDA-MB-231, NCI-H460 and A549 cell lines (i.e.,
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0.31uM, 0.17 uM, and 0.44 uM, respectively; Fig. 6¢c). These results
demonstrate that doxorubicin maintains its anticancer activity even
after release from the buttress and, furthermore, that it is active
against a variety of different cancer types.

Feasibility testing for use as a surgical buttress.

To determine the feasibility of using these pH-responsive nanofiber
buttresses as a reinforcing material in tumor resection surgery, we
evaluated their mechanical properties using an Instron Microtester.
The Young’s Modulus, a measure of the tensile strength of a
material, of the nanofiber buttresses was found to be 6.3 + 1.4
MPa. For comparison, the Young’s Modulus of Seamguard, a
commercially available (non-drug loaded) surgical buttress used in
lung and gastric resection surgeries, was measured to be 36.1 + 4.0
MPa. While the nanofiber buttress is certainly weaker than this
particular example of a commercial buttress, it is nonetheless able
to function as a reinforcing material in surgical resections. To
demonstrate this functionality, we performed a mock wedge
resection on a porcine lung using a surgical cutting stapler to which
two pieces of pH-responsive buttress were secured (Fig. 7). After
resection, the lung was inflated to 18 mm Hg (25 mm H,0), which is
the standard pressure to which lungs are tested following surgical
resections procedures to ensure no air leaks are present prior to
the conclusion of surgery. The inflated lung was submerged in
water and no bubbles evolved from the resection margin indicating
a patent seal. A video demonstrating the inflation and submersion
of the lung is provided in Fig. S8. This proof-of-feasibility study
demonstrates that pH-responsive nanofiber buttresses have the
potential to serve as versatile medical devices that both offer
mechanical reinforcement as well as localized drug delivery.

Conclusions

We describe a new pH-responsive nanofiber buttress that
transforms from a hydrophobic to a hydrophilic state in the
presence of mildly acidic aqueous conditions. The base polymer of
the buttress contains hydrophobic acetal side chains, which are acid
labile, and, upon acid-induced cleavage, reveal two hydroxyl groups
on the side chain of the polymer repeat unit. This polymer is readily
electrospun to afford flexible, non-woven polymer buttresses which
have a cloth-like character. Contact angle measurements confirm
the change in wettability of the fibers and SEM reveals an increase
in fiber diameter when the buttresses are incubated under pH 5.5
or 6.5 conditions, while no changes are observed pH 7.4. As
electrospinning is a versatile process, drug-loaded buttresses can be
fabricated in a single synthetic step. Dye release studies at pH 5.5
and 7.4 confirmed that nanofiber buttresses with smaller diameter
exhibit accelerated cargo release. While negligible passive drug
release occurs at pH 7.4, a mildly acidic pH of 5.5 - 6.5 triggers
increased drug release in a pH-dependent manner. Drug-loaded
buttresses are cytotoxic to multiple human cancer cell lines. It is
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feasible to use these in standard lung tumor resection surgeries to
reinforce the resection margin and deliver drugs locally. Future
studies may explore the in vivo efficacy of such systems as drug
delivery devices for treating diseases where a change of pH is
integral to the pathology of diseases such as cancer or some
inflammatory diseases.
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