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Abstract: Ciprofloxacin was conjugated with polylactide (PLA) via the secondary amine group
of the piperazine ring using PLA and 7-(4-(2-Chloroacetyl) piperazin-1-yl)-1-cyclopropyl-6-
fluoro-1, 4-dihydro-4-oxoquinoline-3-carboxylic acid. Zinc prolinate, a biocompatible catalyst
was synthesized, characterized, and used in ring opening polymerization of L-lactide. Five
different kinds of OH-terminated poly(L-lactide) (two-, three-, four-, six-arm, star-shaped)
homopolymers were synthesized by ring opening polymerization of L-lactide in the presence of
dodecanol, glycerol, pentaerythritol, dipentaerythritol as initiator and zinc prolinate as a catalyst.
The structures of the polymers and conjugates were thoroughly characterized by means of gel
permeation chromatography, matrix-assisted laser desorption/ionization — time of flight mass
spectrometry, and nuclear magnetic resonance spectroscopy. PLA (molecular weight =100,000)
and ciprofloxacin conjugated PLA were used for fabrication of nonwoven nanofiber mat (diameter
ranges; 150400 nm) having pore size (62—102 nm) using electrospinning. The microbiological
assessment shows that the release of ciprofloxacin possesses antimicrobial activity. The drug-
release behavior of the mat was studied to reveal potential application as a drug delivery system.
The result shows that the ciprofloxacin release rates of the PLA conjugate nonwoven nanofiber
mat could be controlled by the drug loading content and the release medium. The development
of a biodegradable ciprofloxacin system, based on nonwoven nanofiber mat, should be of great
interest in drug delivery systems.

Keywords: zinc prolinate, ciprofloxacin conjugated polylactides, CP-PLA, electrospinning,
nonwoven nanofibers, drug release, antibacterial activity, MDR

Introduction
Polylactide or poly(L-lactic acid) (PLA) has attracted tremendous attention in bio-
medical application, and it is one of the most promising biopolymers in therapeutic
applications, such as in functioning as an active macromolecular pharmaceutical
substance for tissue regeneration, auxiliary materials and excipients, in production of
macromolecular prodrugs, polymeric drug delivery systems, therapeutic systems, etc.'”’
PLA is efficiently obtained in the presence of ionic initiators as well as coordinative
and enzymatic catalysts.!*!3

The solubility of the antibiotic ciprofloxacin depends on pH value and it is almost
insoluble in water and alcohol. It shows highest solubility (>40 mg/mL) at pH 4-5.
This corresponds to the hydrochloride form of ciprofloxacin, if the pH value is adjusted
with hydrochloric acid (HCI). Ciprofloxacin is almost insoluble in the neutral pH range,
while solubility increases with increasing pH value (approximately 30 mg/mL at pH 11).
The stability of the dry substance of ciprofloxacin is very high at room temperature.
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Solutions in dialysis fluid (25 mg/L) are stable even after 42
days when stored at 37°C.

Earlier reports in the literature also reveal that the solubili-
zation of ciprofloxacin drug or HCl adduct of ciprofloxacin in
several solvents such as methanol, 2-propanol, etc, is difficult
at 27°C and also at elevated temperature.'® Ciprofloxacin
was generally used as an oral therapy for several years. A
few reports are available where ciprofloxacin is incorporated
in different polymer matrices and release studies have been
carried out.'”"® No studies so far have addressed the possi-
bility for the topical application of ciprofloxacin conjugated
with biocompatible and biodegradable PLA (antibacterial
nonwoven electrospun mat), particularly as a wound dressing
material (bandage).

It was demonstrated in fluoroquinolones that chemical
modification of the secondary amine in the piperazinyl ring
results in an ester conjugate.'® The conjugate retains compa-
rable activity to the parent fluoroquinone, without the need
of intracellular cleavage and release of antibiotic.'®

Citrate-conjugated ciprofloxacin showed lower affinity
for Fe than citrate itself since carbonyl oxygen donors in
amides bind less strongly to hard M™-cations than oxygen
donors in carboxylates.!” N-acetyl ciprofloxacin has been
obtained through microbiological transformation of enro-
floxacin using the fungus Mucor ramannianus.* A polyester
conjugate of ciprofloxacin has also been prepared through
the acid functional group.?!

Ciprofloxacin is reported as a broad spectrum antibiotic
used to treat a wide variety of bacterial infections.?? The
mechanism of action of this class of antibiotics is via inhibi-
tion of cytoplasmic DNA gyrase or topoisomerase [V, which
are required for bacterial DNA replication,” and bacterial
resistance arises primarily by amino acid substitution within
these target enzymes. A secondary resistance mechanism in
Gram-negative bacteria involves decreasing permeability
of the outer membrane by reduction in the expression of
key outer membrane porins. Outer membrane protein F is
important in the movement of fluoroquinolones into the
cell, and reducing protein F levels results in reduced per-
meability, leading to lower intracellular concentrations of
fluoroquinolones.” However, no attention has been focused
on topical application, particularly in biomedical applications
such as wound dressing, or more specifically, on nanofiber
nonwoven mat bandages.

The major problem is the solubility of ciprofloxa-
cin; it is insoluble in both polar and nonpolar solvents at
room temperature.”* The solution form of ciprofloxacin
is required for nanofabrication using electrospinning.

Therefore, ciprofloxacin conjugated PLA was designed and
synthesized to overcome the solubility problem, and the solu-
tion may be used for the fabrication of nonwoven nanofiber
by electrospinning.

Aligned biodegradable polymers (nanofibrous structure)
have been used as potential scaffold vessel engineering.?
The fabrication of nonwoven nanofiber of drug conjugated
polymer, with pores, has been explored and characterized
using techniques such as environmental scanning electron
microscopy, X-ray defraction, etc.” The cytotoxic nature and
the antimicrobial activity of nonwoven nanofiber have been
evaluated by the in vitro, drug kinetic, agar plate method.?’

Electrospinning is one of the most important methods
for making ultrafine fibers with small diameters and large
surface areas, which make them ideal in mimicking the natu-
ral extracellular matrix required for tissue engineering and
promoting cell adhesion, migration, and proliferation.?

Nanofibers from various synthetic polymers have been
electrospun, including proteins, poly(lactic-co-glycolic acid),
etc. Electrospun membranes made of natural polymers, and
with excellent biocompatible properties, are accepted well
in biomedical applications. Recently, electrospun mem-
branes were successfully used in tissue engineering and
drug delivery as carriers for slow, controlled drug release
and wound healing.”® The release of ciprofloxacin from a
polymer matrix (implant of screw and microsphere) has
been attempted.?

The ester carbonyl of aliphatic polyester may also help
in binding to hard M "-cations, in addition to carbonyl
oxygen donors in amides, and ultimately inhibit bacterial
proliferation. Drug conjugated nanofibers can also mitigate
scarring and pain in patients because of their hydrolytic qual-
ity and the subsequent enzymatic degradation of PLA into
carbon dioxide and water.

The wound dressing material available in the current
market has drawbacks in that it limits drugs to the surface
only, it prevents permeation of oxygen to the wound site,
it interferes with the removal of exudates from the wound,
and complete removal of the bandage is difficult. The new
fabricated ciprofloxacin-conjugated PLA (PLA-CP) nonwo-
ven nanofiber mats may represent a breakthrough in providing
effective wound dressing materials for general wound infec-
tions that require a controlled drug delivery rate.

Therefore, the present work highlights a unique approach
to address 1) synthesis biocompatible zinc prolinate catalyst,
2) ring opening polymerization of L-lactide using zinc proli-
nate catalyst to provide biocompatible, nontoxic PLA (various
ranges of molecular weights), 3) preparation of ciprofloxacin
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through the secondary amine group of the piperazine ring, 4)
drug-conjugated PLA through ester linkage, 5) fabrication of
electrospun nonwoven nanofiber mats having fiber of nano-
dimension, 6) uniform nanoporous structure, 7) antibacterial
activity and greatly enhance the ciprofloxacin release at three
different pHs (7.4, 7.0, 5.9, and 1). Our study focused on these
key challenges with ciprofloxacin as a delivery material.

Materials and methods

Materials

L-lactide (Purac Biochem, Gorinchem, the Netherlands) was
purified by recrystallization from dried ethyl acetate (over
calcium hydride) before use and thoroughly dried for 24 hours
under vacuum at 30°C. Ciprofloxacin, L-proline, D-proline,
and zinc acetate were supplied by Sigma-Aldrich, (St Louis,
MO, USA). Zinc prolinate (L- and/or D-) was prepared from
zinc acetate and L- and/or D-proline® and dried to a constant
weight before use. 1-dodecanol and glycerol were distilled
under reduced pressure. Pentaerythritol was purified by
sublimation under reduced pressure. All other chemicals and
solvents were analytical-grade from SD Fine (Mumbai, India)
and were used without further purification. Double-distilled
water was used in all experiments.

Polymer synthesis

For the synthesis of OH-terminated polylactide (OH-PLA),
L-lactide (0.225 mol), and 1-dodecanol (0.001 mol) were
added in a glass ampoule. Zinc prolinate (biocompatible)
catalyst (0.001 mol) was added to a 20 mL, thick-walled
ampoule under nitrogen atmosphere and was sealed under
vacuum. The ampoule was heated in a sand bath at 180°C
for 5 hours, then allowed to cool and broken. The content
was dissolved in dichloromethane (CH,Cl) (15 mL) and
precipitated from cold methanol (30 mL). The precipita-
tion was repeated three times. The precipitated polymer
was filtered and dried under a vacuum. For the synthesis
of the star-shaped OH-PLAs, the polymerization was also
carried out with zinc prolinate in the presence of glycerol
or pentaerythritol.

Synthesis of carboxyl-terminated

polylactide (COOH-PLA)

The OH-PLA, succinic anhydride, 4-dimethylaminopyri-
dine, and triethylamine were dissolved in 1,4-dioxane and
stirred overnight at room temperature. 1,4-dioxane was
removed under vacuum and the residue was dissolved in
chloroform (CHCI,) and then washed with distilled water
three times. After the CHCI, layer was separated, it was

dried over anhydrous magnesium sulfate and filtered. The
polymer was precipitated by the polymer solution being
poured into an excess of methanol, filtered, and dried under
a vacuum.

7-(4-(2-Chloroacetyl) piperazin-|-yl)-

| -cyclopropyl-6-fluoro- 1, 4-dihydro-4-
oxoquinoline-3-carboxylic acid

Ciprofloxacin (3.0 g, 9 mmol) and triethylamine (1.3 mL,
9 mmol) were stirred in 40 mL of dry methylene chloride at
0°C for 15 minutes. Chloroacetyl chloride (1.1 mL, 14 mmol)
was added by dropper. After stirring at 0°C for 15 minutes and
at room temperature for 1 hour, the mixture was filtered, and
the resulting solids were washed with water and methylene
chloride. The aqueous layer was extracted with 330 mL of
CH,Cl,. The organic layers were collected, dried over mag-
nesium sulfate, and concentrated. The remaining residue was
purified by silica gel chromatography (CH,Cl,—methanol 2%)
to yield the desired product (2.68 g, 73%) as a pale yellow
solid, with a melting point >260°C.

Synthesis of PLA-CP

PLA-CP was prepared by a subsequent condensation
of equivalent amounts of carboxyl-terminated PLA
(telechelic PLA) with 7-(4-(2-chloroacetyl)piperazin-1-
yl)-1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxoquinoline-3-
carboxylic acid (or Cpl) in chlorinated solvent to produce
the corresponding conjugated PLA at yields ranging from
75%—80%. Proton nuclear magnetic resonance ('"H NMR)
of the conjugated PLA was recorded using a 400 mHz NMR
spectrometer (Bruker, Billerica, MA, USA) .

'H NMR analysis

For the 'TH NMR measurements, the samples were dissolved
in chloroform-d in 5 mm diameter '"H NMR tubes at room
temperature, and the structure of the PLA was analyzed with
a Bruker Avance (Bruker) at 200 MHz and 400 MHz.

Drug polymer characterization
using 'H NMR
'H NMR characteristics of OH-PLAs
10H-PLA. 'H NMR (CDCI,, §): 5.18 {nH, q, [0OCO-(CH)
0CO]},4.38 {1H, q, [0OCO(CH)OH]}, 4.17{2H, t, [C(CH,)
0CO]}, 1.59 [3nH, d, (CH,)].

30H-PLA.'HNMR (CDCl,, §): 5.18 {3nH, q,/OCO(CH)
0CO]},4.38 {3H, q, [0OCO(CH)OH]}, 4.25 [5H, d, (CH and
CH,)], 1.59 [9nH, d, (CH,)].
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40H-PLA.'HNMR (CDCI,, 3): 5.18 {4nH, q, [OCO (CH)
0CO]},4.38 {4H, q, [OCO(CH)OH]}, 4.17 {2H, 5, [C (CH,)
0CO]}, 1.59 [3nH, d, (CH,)].

CNMR (CDCL,, 8): 169(0CO), 69[0CO-(CH) OCO],
67[0CO-(CH) OH], 21[CH (CH,) OH], 17(CH,).

NMR characteristics of COOH-PLAs
1COOH-PLA. 'HNMR (CDCI,, 8): 5.18 {nH, g, [0OCO(CH)
0CO]}, 2.68 {4H, t, [OCO(CH,CH,)-COOH]}, 4.17 {2H, t,
[C(CH,)OCO]}, 1.59 [3nH, d, (CH,)].

3COOH-PLA. 'H NMR (CDCI,, 8): 5.18 {3nH, q,
[OCO(CH)OCO]}, 2.68 {12H, t, [0CO(CH,CH,)-COOH]},
425 [5H, d, (CH and CH,)], 1.59 [9nH, d, (CH,)].

4COOH-PLA. 'H NMR (CDCl,, 8): 5.18 {4nH, q,
[OCO(CH)OCO]},2.68 {16H, t, [0CO(CH,CH,)-COOH]},
4.17 {2H, s, [C(CH,)OCO]}, 1.59 [3nH, d, (CH,)].

15C NMR (CDCL,, §): 169 (OCO), 69 [0CO-(CH)OCO],
28 [OCO(CH,CH,)COOH], 21 [C(CH,)-OCO], 17 (CH,).

7-(4-(2-Chloroacetyl)piperazin- 1 -yl)- | -cyclopropyl-6-
fluoro-1,4-dihydro-4-oxoquinoline-3-carboxylic acid (Cpl)
'H NMR (DMSO-d,) d 1.19 (t, 2H, 3J=7.2 Hz, CH, [12]),
1.32 (t, 2H, 3J=6.9 Hz, CH, [13]), 3.37 (m, 4H, CH, [16]),
3.70 (m, 4H, CH, [15]), 3.82 (tt, 1H, 3J=7.2 Hz, 3J=6.9 Hz,
CH[11]), 4.45 (s, 2H, CH,~CI), 7.58 (d, 1H, 4JH-F=7.6 Hz,
CH [8]), 7.92 (d, 1H, 3JH-F=13.2 Hz, CH [5]), 8.66 (s, 1H,
CH[2]), 14.7 (s, 1H,—~COOH). *C NMR (DMSO-d,) d 176.2
(d, 4JC-F=2.6 Hz, C4), 165.7 (C14), 166.7 (C17), 152.8 (d,
1JC-F=249.3 Hz, C6), 147.9(C2), 144.6 (d, 2IC-F=10.2
Hz, C7), 138.9 (C9), 118.7 (d, 3]JC-F=7.7 Hz, C10), 110.8
(d, 2JC-F=23.1 Hz, C5), 106.6 (C3), 106.4(d, 3JC-F=3.1 Hz,
C8),49.3 (C15),48.9(C15),44.8 (C16),41.6 (CH2-Cl),41.2
(C16), 35.8 (C11), 7.4 (C12, 13). Fast atom bombardment
mass spectroscopy (FAB-MS) m/z 408 [MH+]. Analytically
calculated for C ;H /CIFN,O,.0.4H,0: C, 54.99; H, 4.81; N,
10.12. Found: C, 54.90; H, 4.65; N, 10.15.

'HNMR (DMSO-d,)d 1.23 (t, 2H, 3J=7.2 Hz, CH, [12]),
1.23 (t, 2H, 3J=6.9 Hz, CH, [13]), 3.33 (m, 4H, CH, [16]),
3.70 (m, 4H, CH, [15]), 3.83 (tt, 1H, 3J=7.2 Hz, 3J=6.9 Hz,
CH[11]), 4.45 (s, 2H, CH,~CI), 7.60 (d, 1H, 4JH-F=7.6 Hz,
CH (8)), 7.95 (d, 1H, 3JH-F=13.2 Hz, CH [5]), 8.31 (s, 1H,
CH [2]), 14.7 (s, IH, -COOH).

Molecular weights

The molecular weights (number-average molecular weight
[Mn], weight-average molecular weight [Mw], and polydis-
persity [Mw/Mn]) were determined with respect to poly-
styrene standards by size-exclusion chromatography on an

Agilent Technologies Polymer Laboratories -Gel permeation
chromatography (PL-GPC) 220 machine (Santa Clara, CA,
USA) at 25°C, with eluting PLA solutions (10 mg/mL of
CHCI,) and toluene as an internal standard, and through a
series of five 30 cm long Styragel columns (Waters Corpora-
tion, Milford, MA, USA) with pore sizes of 500, 105, 104,
103, and 100 A. CHCI, was used as the mobile phase (flow
rate: | mL/minute), and a refractive-index detector was used
for the detection of different molecular weight fractions.

Matrix-assisted laser desorption/
ionization — time of flight mass

spectrometry (MALDI-TOF MS) analysis
MALDI-TOF MS analysis was performed on a Voyager-DE
STR (Life Technologies, Carlsbad, CA, USA). The MALDI-
TOF spectrometer is equipped with 2 m reflection flight
tubes as well as a 337 nm nitrogen laser with a pulse width
of 3 nanoseconds. All experiments were carried out at an
accelerating potential of 20 kV. In general, mass spectra from
200 shots were accumulated to produce a final spectrum. The
obtained data were smoothened to reduce the spikiness by
the average method; the smoothening filter moved along the
collected data channels, adding together a number of chan-
nels and dividing by that number to give an average signal.
This smoothening, however, did not eliminate or hide minor
signals distinct from the baseline noise. The samples were
dissolved in tetrahydrofuran (1 mg/mL) and mixed with the
matrix (15 mg/mL of tetrahydrofuran) before being dried on
the sample plate. 2,5-Dihydroxybenzoic acid and dithranol
were used as the matrix. The sample plate was inserted into
the apparatus under a high vacuum (~10~° Pa).

Electrospinning of nonwoven

nanofiber containing PLA-CP

The homogeneous solution of PLA-CP and PLA (Mw
100,000) in 14% (CHCL,/N,N-dimethylformamide) was
electrospun at 23-27 kV, under a steady flow rate of 20
pUL/minute using a spinneret with a diameter of 0.7 mm.
The electrospun nanofiber was collected on an aluminum
foil. The distance between the spinneret and the collector
was 15 cm. The resulting nanofiber was vacuum dried at
room temperature for a week to completely remove any
solvent residue prior to the experiments. Thermogravim-
etry analysis were performed to determine if there was any
residual solvent in vacuum dried electrospun nanofibers,
which showed no sign of residual solvent present in the
samples.
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Scanning electron microscope analysis

The morphology of the PLA and PLA-CP nanofibers was stud-
ied with a Leica Cambridge Stereo scan Model 440 scanning
electron microscope (SEM) (Leica Microsystems, Wetzlar,
Germany).

Antibacterial activity

The antibacterial activities of nonwoven nanofiber were
tested against Staphylococcus aureus (S. aureus) (National
Collection of Industrial Microorganisms No 2122 [National
Chemical Laboratory, Pune-8, Maharashtra, India]).

S. aureus was maintained on nutrient agar (beef extract
0.3%, peptone 0.5%, sodium chloride 0.5%) slants and was
inoculated into nutrient agar broth for 24 hours. Ciprofloxacin
solution was used as a positive control.

Minimum inhibitory concentration

(MIC) determination

In vitro antibacterial activity of PLA-CP nonwoven nanomat
was studied against S. aureus to determine MIC. The
experiments were carried out in triplicate, under similar
experimental conditions. The MIC of ciprofloxacin was
determined according to the standard broth microdilution
technique as per the National Committee for Clinical Labora-
tory Standards (NCCLS) guidelines.? Tests were performed
in U bottom 36-well tissue culture plates in yeast extract,
peptone, glucose nutrient agar for bacterial strain. The con-
centration range of ciprofloxacin in the nanomat and standard
was 0.1-1.0 pg/mL. The plates were incubated at 37°C for
24 hours, and MIC was determined at 99% inhibition of
growth, with respect to the growth control.

Sample preparation
A (Ix1) cm? portion of nanofiber mat was used to study
the antibacterial activity. All samples were sterilized under
ultraviolet light, laminar flow before testing bacterial
cultures.?’-**

Bacterial cultures were observed, and Luria broth tubes
(Sigma-Aldrich) containing the cultures were collected after
24 hours. Turbidity confirmed the growth of bacteria.

Suspension method procedure

Preparation of samples treated with bacterial culture
The dilutions for this study were in the range of 10™*~10-¢
in triplicate, and 1 mL from each stock solution was poured
into the next solution tube and labeled it as (S aureus 10~
dilution, colony forming units (CFUs) (150, Sample A)).
The sterile sample was transferred using sterilized forceps,

and was dipped in a labeled saline tube in laminar only. All
sample tubes were sealed with cotton plugs and left for 24
hours in a 37°C incubator shaker set at a speed of 250 rpm.
Saline tubes containing samples were collected, and 0.1 mL of
solution was spread on each petri dish. Plates were incubated
at 37°C for 24 hours, and on the next day, CFUs were counted.
Appropriate control plates were processed similarly. Initial
CFU counts were determined as reading as 150x10~.

Calculation of percent inhibition of bacterial growth
The percent inhibition of bacterial growth is calculated as,

Percentage of inhibition

initial count — final count
= x 100

initial count (1)

Phosphate buffered saline (PBS) is the typical medium
used to mimic the fluid of a normal wound in drug release
studies. Four kinds of release media (PBS at pH =7.0 and
pH =7.4 and HCI aqueous solution at pH =5.9 and pH =1.0)
were used to study in vitro release. Experiments to look at the
release of ciprofloxacin from the polymer nonwoven nanomat
were performed in triplicate, using 10 mL of buffer solution
at different pHs. We suspended 150 mg of nanofiber in 3.5
mL PBS in dialysis tubing (Spectra/Por 1 membrane, 6—8
kDa cut-off; SpectrumLabs, Rancho Dominguez, CA, USA).
Dialysis tubing was placed in a screw-capped tube contain-
ing 10 mL of PBS. The tubes were shaken at 70 rpm on a
horizontal water bath shaker (Thermo Electron 480 Forma
incubator orbital shaker; Thermo Fisher Scientific, Waltham,
MA, USA) maintained at 37°C £0.5°C. At predetermined
time intervals, the entire medium in the tube was withdrawn
and replaced by fresh medium to maintain sink conditions.
The aliquots were assayed by spectrophotometer at 262 nm
to determine the concentration of ciprofloxacin released.
The cumulative amount of ciprofloxacin released from the
samples was calculated using the equation,

Cumulative drug released (%) = M /M,

total

x100  (2)

where M, is the amount of ciprofloxacin released from the
PLA-CP nanomat at time ¢, and M

. is the total amount of
otal

ciprofloxacin loaded in the PLA nanomat.

Results and discussion

Wound dressing materials that contain antibiotics are
impregnated systems that rely on simple diffusion of the
antibiotic, either from the bulk of the polymer or directly
from the surface after cleavage of ester bonds. The conjugated
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antimicrobial drug-polymer was synthesized; zinc proline
was synthesized, characterized, and used as a biocompat-
ible catalyst for the preparation of PLA. We have achieved
the molecular weight of PLA more than 100,000 without
any racemization. PLA-CP was also prepared. PLA and PLA-
CP were subsequently used for fabrication of nonwoven nano-
fibers, and the synthesis of PLA-CP was carried out using a
few synthetic steps. At the outset, OH-PLA was synthesized
by the ring opening polymerization of L-lactide, using zinc
prolinate as a catalyst in the presence of various alcohols,
using the break seal technique. Zinc prolinate was prepared
from zinc acetate, D-proline characterized and confirmed the
structure. All polymerizations were conducted in a solvent-
free process with continuous stirring. Under these conditions,
maximum homogeneous conversions were achieved after
relatively short reaction times. 1-Dodecanol was used as
initiator for making linear PLA as shown in Figure 1.

The structures hydroxyl- and carboxyl-terminated PLA,
as shown in Figure 1, were confirmed by 'H and carbon-13
NMR spectroscopy. The chemical structures of Cp1 and PLA-
CP were confirmed by '"H NMR as shown in Figures 2—4.

Three-arm PLA and four-arm PLA were synthesized
with glycerol and pentaerythritol as the respective initiators.
"H NMR spectra showed that the methyl and methine pro-
ton resonance of the lactate units appeared at & 1.59 and
5.18 ppm. The pentaerythritol methylene protons exhibited
two peaks; the one attached to lactate is observed at $4.17 and
one unreacted pentaerythritol is observed at & 3.5 ppm.

Molecular weight

The Mw (polystyrene equivalent) of PLA was determined to
be 1.08x10° with a polydispersity of 1.6. The dry polymer
was white in color, and the yield for the polymer was 98%.
Gel permeation chromatography results show that all
polymers display monodisperse curves and no dual peaks.

0]

R\
oW
\\"Kﬂ/o
A

(0]

|-Lactide Dodecanol

The Mn and Mw of linear PLA oligomers are 5,000 and
8,000 Da, respectively. The Mn and Mw of three-arm PLA
oligomers are 10,000 and 17,000 Da, respectively. The Mn
and Mw of star-shaped, four-arm PLA oligomers are 19,000
and 27,200 Da, respectively. The star-shaped structure of
PLA oligomers was deduced from the integration ratios of
the pentaerythritol methylene proton peak and the terminal
methine peak, which are about 2/1. For three-arm PLA, it
was about 5/3. Similar observations have been made in the
literature. '

NMR analysis

COOH-PLA was synthesized through the ring opening reac-
tion of the hydroxyl-terminated PLA with succinic anhydride
(Figure 1). 4-Dimethylaminopyridine and triethylamine
were used as catalyst, and 1, 4-dioxane was used as solvent.
The reaction was allowed to proceed efficiently because
of activation of the succinic anhydride, and good yields of
COOH-PLA were obtained. "HNMR spectra showed the
methine proton at 8 4.35 at chain terminus disappeared, and
the methylene proton formed by the ring opening reaction of
succinic anhydride was located at 8 2.68. Also, the methylene
carbon from succinic anhydride appeared at 8 2.7. The struc-
ture of COOH-PLA was identified by the calculation of the
ratio of integrated peak areas of the methylene protons of
the pentaerythritol and the methylene protons of the polymer
chain ends. For 4COOH-PLA, the ratio was 1/2 which has
already been reported in the literature.!?

Starting from commercially available ciprofloxacin, Cpl
was easily prepared in one step. Acylation of ciprofloxacin
with chloroacetyl chloride led to Cpl yields of 75% after
purification. The '"H NMR measurements demonstrated
excellent conversion and purity of compound Cpl as
shown in Figure 2, and peak assignments are shown in the
experimental section.

) .
a 0 :
CH(CH,), CH,OoH ——> HC~ 0 o
0

10H PLA

o) : 7 o) )
< b <
Hac/\wg/\o{/u\(olm/\w + féo — H3C/\(\*)9/\OPJ\‘/O]J‘/\O)J\<V)Z/U\OH
o) N 0

10H PLA

Succinic anhydride

1COCH PLA

Figure | Synthesis route for end functional PLA showing a) zinc proline at 180°C, b) succinic anhydride, TEA, DMAP at room temperature.
Abbreviations: COOH-PLA, carboxyl-terminated PLA; DMAP, 4-dimethylaminopyridine; OH-PLA, OH-terminated polylactide; PLA, polylactide; TEA, triethylamine.
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Figure 2 'H NMR measurement of 7-(4-(2-chloroacetyl) piperazin- | -yl)- |-cyclopropyl-6-fluoro-1, 4-dihydro-4-oxoquinoline-3-carboxylic acid.
Abbreviations: DSMO, dimethyl sulfoxide; 'H NMR, proton nuclear magnetic resonance.

The homologous series of PLA-CP were prepared by a
subsequent condensation of carboxyl-terminated PLA with
Cpl in chlorinated solvent to produce the corresponding
conjugates with yield of ~75% (path a in Figure 4).

The structure and purity of the PLA-CP were determined
by '"HNMR as shown in Figure 3; peak assignments are marked
in the spectra and also shown in the experimental section.

MALDITOF
MALDI-TOF MS was employed for the determination
of molecular weights and the nature of end groups.®>3

Wed5av400#.001.001.001.1r.esp

12 10 9 8

Figure 3 '"H NMR measurement of ciprofloxacin-conjugated PLA in DMSO-d,.

PLA-CP was prepared by condensation reaction and
subjected to MALDI-TOF MS analysis. Figure SA—C show
the MALDI-TOF MS for the hydroxyl-, carboxyl- and
ciprofloxacin-terminated PLA.

The most prominent series of peaks is characterized by a
mass increment of 72 Da, which is equal to the mass of the
repeating unit in the PLA polymer (Figure SA—C). Figure SA
shows a typical MALDI-TOF spectrum of sample OH-PLA.
This series is assigned to PLA oligomers terminated with a
hydroxyl group at one end and dodecyl group on the other.
The MALDI spectrum is determined by a series of intense

OH

7 6
Chemical shift (ppm)

Note: The red bond indicates the new conjugation bond formation between PLA and Cpl.
Abbreviations: Cpl, 7-(4-(2-chloroacetyl) piperazin-|-yl)-1-cyclopropyl-6-fluoro-1, 4-dihydro-4-oxoquinoline-3-carboxylic acid; DSMO, dimethyl sulfoxide; 'H NMR,
proton nuclear magnetic resonance; PLA, polylactide; TMS, chloromethyl trimethylsilane.
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Ciprofloxacin-PLA conjugate

Figure 4 Synthesis of ciprofloxacin derivative and conjugation with end functional PLA a) TEA, CICH,COCI, CH,Cl,, 0°C~ room temperature; b) K,CO,, DMF, 100°C.
Abbreviations: Cp, ciprofloxacin; Cpl, 7-(4-(2-chloroacetyl) piperazin-|-yl)-1-cyclopropyl-6-fluoro- 1, 4-dihydro-4-oxoquinoline-3-carboxylic acid; COOH-PLA, carboxyl-

terminated PLA; DMF, N,N-dimethylformamide; PLA, polylactide; TEA, triethylamine.

peaks ranging from a mass of 1,124 Da to a mass of 4,007
Da, corresponding to oligomers doped with hydrogen
(H*) ions of type CH,-(CH,),,-(O-CO-CH-CH,) -OH-H"*
(mass =72n +58+1); n values varying from 15 to 55 were
detected, 1 being the mass number of one proton. The peaks
belong to the series 1,260 Da; 4,245 Da corresponding to
oligomers with n values of 17-58, are labeled in the spectrum
and reported as enlarged in the inset. These peaks correspond
to PLA oligomers doped with sodium ions of type CH,-
(CH,),,-(O-CO-CH-CH,)OH-Na* (mass =72n +42+23). The
spectrum also displays other peaks of lower intensity, which
disrobed as oligomers doped with potassium (K*) ions (K*
adduct molecular ions, mass =72n +42+39; see the peak at
1,381; 1,527, 1,544; 1,813; 1,957; 2,028; 2,534; 4,116; and
4,259 in the inset).

Similarly, the oligomer contained chains terminated
by a carboxyl group on one side and dodecyl group on
the other as shown in Figure 5SB. The MALDI spectrum
is dominated by a series of intense peaks, ranging from

a mass of 1,366 to 1,798 Da, corresponding to oligom-
ers doped with H* ions of type CH,(CH,),,-(0O-CO-
CHCH,) -O-COCH,CH,-COOH-H" (mass =72n +70+1);
n values varying from 18 to 24 were detected, 1 being the
mass number. The other series of peaks ranging from a
mass of 1,535 Da to a mass of 3,192 Da, corresponding to
oligomers doped with sodium ions of type CH(CH,), ,-(O-
CO-CHCH,) -COOH-Na* (mass =72n +70+23), n values
varying from 21 to 41 were detected, 23 being the mass
number of sodium. The few intense peaks belonging to
this series, corresponding to oligomers with n values 17
to 41, are labeled in the spectrum and reported as enlarged
in the inset.

Figure 5C shows the MALDI spectrum of PLA-CP poly-
mers. The most intense peaks belonging to this series, corre-
sponding to oligomers with n values of 20 to 50, are labeled in
the spectrum and reported as enlarged in the inset. The peaks
ranging from 1,465 Da to 3,556 Da correspond to oligomers
doped with K* ions of type CH,-(CH,), -(O-CO-CHCH,)
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Figure 5 MALDI-TOF MS for the hydroxyl-, carboxyl- and ciprofloxacin-terminated
PLA.

Notes: MALDI-TOF/TOF spectra of hydroxyl-terminated PLA (IOH-PLA) (A);
MALDI-TOF/TOF spectra of carboxyl-terminated PLA (ICOOH-PLA) (B); and
MALDI-TOF/TOF spectra of ciprofloxacin conjugated PLA (PLA-CP) (C).
Abbreviations: MALDI-TOF MS, matrix-assisted laser desorption/ionization-time
of flight mass spectrometry; PLA, polylactide.

-0-CO-CH,CH,-CO-CP-Na* (mass =72n +58+39). The
spectrum displays another series of peaks ranging from
1,295 to 2,663 Da, corresponding to oligomers doped with
H* of type CH,-(CH,),,-(O-CO-CHCH,) -O-CO-CH,CH,-
CO-OH-H' (mass =72n +70+1); n values varying from 17
to 36 were detected, 1 being the mass number of sodium.
The spectrum also displays other peaks of lower intensity,
which desorbed as oligomers doped with K* ions (K* adduct
molecular ions, mass =72n +58+39; see the peaks ranging
from 2,413 to 2,939). The MALDI-TOF result showed
that the PLA-CP binds to the ciprofloxacin moiety like the
hydrochloride salt of ciprofloxacin. The spectra confirmed
the presence of hydroxyl, carboxyl, and ciprofloxacin end
groups in PLA.

The high molecular weight PLA (Mw =100,000, pre-
pared in our laboratory using biocompatible zinc prolinate)
and PLA-CP were uniformly mixed in a common solvent and
nanofiber mats were prepared by an electrospinning method
in order to mimic the nanofibrous structure of extracellular
matrixes of tissues in the body. Although various methods
have been reported to produce porous polymer scaffolds for
tissue engineering applications, nanofibers have also attracted
much attention for their tissue regeneration and wound heal-
ing applications.*’

SEM
Figure 6A—C shows the images of PLA (L and D form), 0.003
mol PLA-CP, and 0.015 mol PLA-CP nanofibers. Figure 6D
shows the image of 0.015 mol PLA-CP nanofibers after 1 hour
heat treatment. The strength of the nanofibers was enhanced
after heat treatment at 150°C, without reducing the activity
of ciprofloxacin, and in fact, it became stabilized due to drug
conjugation. Figure 7 shows nonporous morphology in a
single PLA nanofiber. PLA-CP nanofibers (before and after
heat treatment for 1 hour) ranged in diameter from 210-350
nm with a unimodal size distribution (Figure 6A-D).
Figure 6D shows the SEM image of PLA-CP (0.015 mol
of ciprofloxacin) nanofibers after 1 hour heat treatment at
150°C, and the surface morphology remains intact. Figure 7
shows the SEM image of PLA-CP (0.015 mol ciprofloxacin)
nanopores varying from 65-102 nm, allowing for the diffu-
sion of oxygen to the wound site and removal of exudates
from the wound.

Drug release

Figure 8 shows the area of inhibition (%) of S. aureus
versus PLA-CP mat with different concentrations of
ciprofloxacin.

Antimicrobial activity of PLA-CP

nonwoven nanofiber mats

To evaluate the antibacterial activity of the selected drug-
containing nanofiber and pure ciprofloxacin samples, the
agar diffusion method and broth dilution method were
used. These are highly reliable methods for testing anti-
bacterial agents against organisms like S. aureus. These
tests were performed according to the NCCLS guideline.?
Mean inhibitory diameters related to each of the PLA-CP
nonwoven nanofiber mats were compared to their pure
drug counterparts in the same concentrations, using one-
way analysis of variance (ANOVA). P-values <0.01 were
considered significant.
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Figure 6 SEM images of PLA nanofibers (A), PLA-CP (0.003 mol) nanofibers (B), PLA-CP (0.015 mol) nanofibers (C), and PLA-CP nanofiber after | hour heat treatment (D).
Abbreviations: Cpl, 7-(4-(2-chloroacetyl) piperazin-|-yl)-|-cyclopropyl-6-fluoro-1, 4-dihydro-4-oxoquinoline-3-carboxylic acid; PLA, polylactide; PLA-CP, ciprofloxacin-

conjugated PLA; SEM, scanning electron microscopy.

In this study, in order to provide useful information with
regard to biological functions, antibacterial performances of
PLA and drug-conjugated PLA nanofibers were evaluated
against S. aureus and are shown in Figure 9A and B.

A clear zone of inhibition within the PLA nonwoven
nanofiber mat could be seen after 24 hours of incubation
of the agar plate at 37°C. The antibacterial activity of the
drug-conjugated nanofibers was assessed by measuring the
diameter of an inhibition ring. The zone diameters obtained

1um

Figure 7 SEM images of PLA nanofibers with nano pores.
Abbreviations: PLA, polylactide; SEM, scanning electron microscopy.

for these drug-conjugated nanofibers imply that the bacterial
colony was susceptible to ciprofloxacin released from the
nanofiber mat. In the case of drug-conjugated nanofibers,
the drug molecules could freely diffuse into the test media
and act as biocidal agents. In addition, the nanometer-
sized drug conjugated polymer nanofiber provides a large
surface area to contact with bacteria. A 31.9 mm diameter
zone was observed in the case of S. aureus. The MIC for
S. aureus was 0.55 pug/mL. For instance, the concentration
of 4.40 ug/mL of pure ciprofloxacin in Figure 9B produced
a mean inhibitory diameter of 30.3 mm, whereas drug-con-
taining electrospun nonwoven nanomat (Figure 9C) shows the
comparable inhibitory diameter (31.9 mm) in the concentra-
tion of 0.55 pug/mL, indicating eight times reduction in the
ciprofloxacin concentration to achieve the same antibacterial
activity against S. aureus. Blank PLA nanofiber mat indicated
no antibacterial activity against S. aureus.

Figure 9C shows a zone diameter of 28.6 mm, which was
recognized in the case of Gram-negative bacteria Escherichia
coli (E. coli). The MIC for E. coli was 1.15 ug/mL. When
the incubation times were varied from 24 to 48 hours, the
inhibition zones remained unaffected in the case of E. coli,
as shown in Table 1.

Figure 10 shows the SEM images of PLA and PLA-CP
nanofiber mats with bacteria. The micrograph shows bacterial
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Figure 8 Antibacterial effect of nonwoven nanomats containing different
concentrations of ciprofloxacin against Staphylococcus aureus.

Notes: Control PLA nanofiber mat a); PLA nanofiber mat (0.15 ug/mL) b); PLA
nanofiber mat (0.3 ug/mL) c); PLA nanofiber mat (0.45 pg/mL) d); and PLA nanofiber
mat (0.55 ug/mlL) e).

Abbreviations: PLA, polylactide; SD, standard deviation.

growth in Figure 10A, and S. aureus were completely absent
in Figure 10B. Figure 10C shows the appearance of E. coli
growth, and Figure 10D shows the absence of the £ coli.
The functionality of ciprofloxacin release was inves-
tigated using S. aureus inhibition experiments. S. aureus

A

is a Gram-positive, spherical bacterium, typically found
in skin, nasal passages, and mucous scaffolds, and can
cause a wide range of supportive infections. This bacte-
rium was chosen because it is the most likely to induce
infections during surgery and in wounds. Pure and
released ciprofloxacin from the nonwoven nanofibers
at different concentrations were introduced into 5 mL
bacterial aliquots as reference, and the ability of each
sample to inhibit bacterial growth was evaluated. Bacterial
growth was monitored by the absorbance at 625 nm in
ultraviolet-visible spectroscopy.

Bacterial aliquots were inoculated with the released drug
solutions at concentrations corresponding to those for the
stock drug.

As seen in Figure 8, it is apparent that both pure and
released drug is equally effective at suppressing S. aureus
growth at the specific concentrations tested. These results
confirmed that the release of ciprofloxacin from the non-
woven nanofiber mat retains its biological function and
that the process of electrospinning has no adverse effect
on changing the structure of conjugated or incorporated
ciprofloxacin.

The effectiveness of electrospun nonwoven nanofiber
with and without ciprofloxacin was tested to examine the

Figure 9 Antibacterial performances of PLA and ciprofloxacin-conjugated PLA nanofibers.
Notes: Staphylococcus aureus on PLA nonwoven electrospun mat (A); Staphylococcus aureus on PLA-CP nonwoven electrospun mat (B); Escherichia coli on PLA nonwoven

electrospun mat (C); Escherichia coli on PLA-CP nonwoven electrospun mat (D).
Abbreviations: PLA, polylactide; PLA-CP, ciprofloxacin-conjugated PLA.
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Table | Ciprofloxacin release in the presence of Escherichia coli
at various times

Time (hours) Growth inhibition

area (%)
| 99.22
3 99.33
6 99.73
18 99.94
24 100
78 100

drug’s ability to inhibit bacterial growth in a dynamic system
(nanofiber mixed with bacterial liquid cultures).

Data presented in Figure 9 clearly show that the drug contain-
ing nanofiber mats are effective in inhibiting bacterial growth.
The electrospun mat containing 0.55 pg/mL of ciprofloxacin
completely eliminated the bacterial population in solution. Fig-
ure 9 shows an absolute control and 100% inhibition of bacterial
growth. All data are normalized to this absorbance reading.

In addition to the liquid bacterial culture test, the
efficiency of the nanofiber mats using a static system for

— 20um
CMC-NCL PUNE

mag | det wD
8000 x ETD 30.00 kV_ 15.0 mm

Figure 10 SEM images of PLA and PLA-CP nanofiber mats with bacteria.

bacterial growth on agar plates was also examined, as shown
in Figure 10A—D. The growth of S. aureus bacteria was visu-
alized to assess the viability of the nanofiber mats. An agar
region where the mat was placed, clearly shows inhibition
of bacterial growth after 24 hours of incubation at 37°C.
Additionally, the drug release from the drug containing
nanofiber mat (1x1 cm?) also inhibited bacterial growth in a
much larger area than the control mat due to diffusion of the
ciprofloxacin onto the agar. In contrast, the PLA nanofiber
mat containing no drug exhibited robust bacterial growth. It
is interesting to note that the drug potency decreased with
respect to time.

Figure 10A and B show the SEM images of PL A nanofiber
mats without drug and with drug. The same mat was incu-
bated in the presence of S. aureus for 24 hours. Thereafter,
it was gently washed and dried, and SEM images of this mat
were recorded. The PLA mat without drug showed robust
S. aureus proliferation, while the PLA nanofiber mat con-
taining ciprofloxacin showed complete inhibition of bacterial
growth. These results showed that the ciprofloxacin released

mag | det | HV WD
2500 x LFD 15.00kV_ 15.2mm

- a -4
mag  det| HV WD
5000 x ETD 30.00kV_14.8 mm

CMC-NCL PUNE

Notes: PLA-CP mat with Staphylococcus aureus (A); PLA-CP mat without Staphylococcus aureus. (B); PLA-CP mat with Escherichia coli (C); PLA-CP-mat without

Escherichia coli (D).

Abbreviations: PLA, polylactide; PLA-CP, ciprofloxacin-conjugated PLA; SEM, scanning electron microscope.
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from the drug-conjugated nanofiber possesses antimicrobial
activity against S. aureus bacteria. This again shows that the
activity of ciprofloxacin is not lost during the following expo-
sure to solvents, heat, and chemicals encountered during the
synthesis and fabrication of drug-conjugated polymer using
electrospinning. Similarly, the same mat was incubated in the
presence E. coli for 24 hours, and SEM images were recorded
(Figure 10C and D).

The mechanism of action of ciprofloxacin may also be
rationalized according to the result of antibacterial activity.
Quinolines, including ciprofloxacin, inhibit the activity of
the bacterial enzyme, DNA gyrase, which leads to bacterial
cell death.’”*® The drug may bind to specific portions of
the bacterial DNA during protein synthesis.* Shen et al*
reported that the quinoline molecules form super molecules
through H* bonding.

Drug release kinetics
Hydrolysis studies were carried out to evaluate the ciproflox-
acin release from nonwoven nanofiber mats under different
conditions. An indicator of this is the lower pH of venous
blood (7.35) compared to that of arterial blood (7.45). The
pH of'intact skin ranges from about 4.8 to 6.0, while the inter-
stitial fluid exhibits a near neutral pH. If wound healing is to
be initiated, then it is important that the wound is maintained
above pH 4, given that the enzymes are essential for wound
healing. Modulation of protease activity may therefore be
significant in accelerating wound healing.!”

The study was performed by incubation of nanomat in
bufter solution of pH 1, 5.9, 7.0, and 7.4. The in vitro release

CP (pH-7.4)
PLA-CP (pH-5.9)
PLA-CP (pH-7)
PLA-CP (pH-1)
PLA-CP (pH-7.4)
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Figure |1 Release of ciprofloxacin from PLA-CP conjugates under different pH
conditions.
Abbreviations: CP, ciprofloxacin; PLA-CP, ciprofloxacin-conjugated polylactide.

profile of nanomat is shown in Figure 11. PLA conjugates
underwent faster ciprofloxacin release at pH 1 as compared
to pH 5.9, 7.0, and 7.4. In a 48-hour period, the release of
drug was 85% at pH 1 and 55% at pH 7.4, which is compara-
tively slower than that of pH 1. The moderate drug releases at
pH 5.9 and 7.0 in 48 hours are 68% and 79%, respectively. It
was determined that the rates of ciprofloxacin release for the
PLA conjugate nonwoven nanofiber were pH dependent.

The hydrolytic degradation of polymer involves the chem-
ical scission at an ester linkage by a water molecule. Water
molecules can easily penetrate into the structure because of
the nonwoven nanofabricated mat and can hydrolyze the ester
bond. In conclusion, the release rate is highly dependent on
the ester segment in the PLA and pH of the medium.

Kinetics of the biodegradation of polyester conjugate
and the cytotoxicity tests (3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide assay) are still under investiga-
tion, and we intend to present and discuss those findings in
a future report.

Conclusion

We reported a biocompatible zinc prolinate catalyst for pre-
paration of PLA (>100,000) and PLA-CP. The ciprofloxacin
was covalently bonded to the chain end of two-, three-, four-
arm PLA as an ester linkage via the piperazine ring. The con-
centration of ciprofloxacin was varied using telechelic (two-,
three-, four-, six-arm, and star-shaped) PLA polymer as a
starting material. The electrospun nonwoven nanofibers of high
molecular weight PLA and drug containing PLA were fabri-
cated. SEM images show nanofibers in the range of 150—400
nm and nonporous structure ranging from 62—102 nm, without
changing the activity of the ciprofloxacin. In vitro studies were
carried out to evaluate the ciprofloxacin release from nonwoven
nanofiber mats under different pHs (1, 5.9, 7.0, and 7.4). The
release rate was observed to be highly dependent on the ester
segment in the PLA and pH of the medium.

The released ciprofloxacin from PLA nonwoven nanofiber
was found to be structurally intact as well as effective in its
ability to inhibit bacterial growth (S. aureus and E. coli) in
both a static (agar) and dynamic (liquid) environment. This
method can potentially be extended to the fabrication of
drug-conjugated nonwoven nanofiber mat for the application
in drug delivery systems.
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