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Abstract

This work illustrates a two-step strategy for the fabrication of polymer/drug nanoparticles.

Utilizing solvent/non-solvent precipitation and gaseous basification, composite nanoparticles with

0–100% drug loadings were fabricated. Drug release kinetics were dictated by nanoparticle

composition allowing for future tuning for therapeutic applications.
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Pain management is currently one of the greatest challenges facing the medical community.

A recent report estimates that over 100 million Americans suffer from chronic pain costing

the nation $560-$635 billion annually.[1] A variety of medications are available to patients

dealing with pain such as acetaminophen, non-steroidal anti-inflammatory drugs,

corticosteroids, anti-convulsants, and opioids, but none of these have been found to induce

sustained analgesia and most are associated with long lasting side-effects if utilized too

frequently. Local anesthetics have been shown to provide analgesia through local neural

blockade and have received considerable scientific[2] and clinical interest[3, 4] as an

alternative to traditional pain-relief medications. A significant limitation associated with

their use is a limited duration of action (1–12 hours)[5] which is ideal for short-term pain

relief applications, but ineffective for the management of moderate-term (3–6 days) and

long-term (7–30 days) pain. In this report, we developed a facile two-step process for the

fabrication of polyanhydride/anesthetic base nanoparticles that possess 0–100% drug

loadings. The composite nanoparticles were able to provide more extended drug release (64–

150 hours) than from pure anesthetic base nanoparticles (40 hours). The extended release

kinetics directly correlated to increasing polymer content which allows for the tuning of

drug release to correspond to therapeutic levels of interest. The process outlined herein for

the creation of polymer/drug nanoparticles has the potential to be utilized as a platform

technology for a wide range of clinical applications.

The use of biomaterials to achieve controlled release of local anesthetics has the potential to

yield safe, long-acting pain relief systems. Previous research has focused on a variety of
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biomaterials-based carriers including dispersions,[6] disks,[7] fibers,[8] vesicles,[3, 9, 10]

microparticles,[11, 12] and nanoparticles[13, 14] comprised of lipids[3, 6, 9, 10, 12] and polymers

like polysaccharides,[8, 13] polyesters,[11, 14] and polyanhydrides.[7] These delivery vehicles

have been shown to provide sustained release of local anesthetics, but current fabrication

methodologies require the drug be entrapped within the biomaterials carrier. Entrapment

limits the maximum drug loading capacity to ~ 1% for liposomes[10] and ~ 20% for

polymeric particles,[15] since higher drug loadings can disrupt the delivery vehicle, yield

undesirable release kinetics, and lead to low drug encapsulation efficiencies. Developing

new fabrication techniques capable of allowing for higher drug loadings has the potential to

yield biomaterial carriers with highly tunable drug release kinetics.

Ropivacaine hydrochloride (Ropi HCl), a local amino amide anesthetic, has been found to

be capable of providing neural blockade for up to 12 hours[16] with lower cardiotoxicity and

neurotoxicity than other local anesthetics[17] making it an attractive candidate for extended

pain relief applications. Ropi HCl crystals are rough-edged, rectangular bricks 100–500 μm

in each dimension (Figure 1A) and are readily soluble in water. The addition of ammonium

hydroxide solution to a Ropi HCl solution dissociates the hydrochloride from the

ropivacaine base (Ropi Base) causing the precipitation of sharp-edged, non-spherical

nanoparticles (aq Ropi Base NPs, Figure 1B) with an average size of 778 ± 266 nm (Figure

1C). The in vitro release of ropivacaine (Figure 1D) from aq Ropi Base NPs was observed to

be significantly slower (~90% in 40 hours) compared to that of neat Ropi HCl (~90% in 12

hours). Ropi Base is known to be ~500 times less water soluble than Ropi HCl[18] which is

responsible for the extended release. This one-step aqueous, alkaline precipitation technique

was utilized to create nanoparticles that when delivered in a chitosan thermogel were able to

provide anesthetic effects in vivo for up to 48 hours.[19]

While promising for short-term anesthetic delivery applications like post-operative pain

management,[19] ropivacaine release from aq Ropi Base NPs can only be sustained for 1–2

days and cannot be modulated using the one-step technique. In order to control ropivacaine

release kinetics for moderate-term and long-term applications, new techniques capable of

fabricating polymer/anesthetic nanoparticles were investigated. One commonly utilized

technique for the fabrication of polyanhydride nanoparticles is solute precipitation using

solvent/non-solvent miscible pairs.[20–24] A solvent/non-solvent system comprised of

methylene chloride/pentane was found capable of precipitating polyanhydride poly(sebacic

anhydride) (pSA) and Ropi HCl allowing for the generation of non-aqueous composite

nanoparticles (non-aq pSA/Ropi HCl NPs) ranging from 0–100% drug loading (Figure 2A –

2C). Non-aq Ropi HCl NPs possessed rough, angular morphologies (Figure 2A) similar to

aq Ropi Base NPs (Figure 1B), but were slightly smaller in size (Figure 2D, 506 ± 218 nm).

On the other hand, non-aq 20/80 pSA/Ropi HCl NPs had more spherical morphologies

(Figure 2B) but similar size (Figure 2D, 481 ± 149 nm) to non-aq Ropi HCl NPs. Non-aq

pSA NPs were found to be small (Figure 2D, 279 ± 87 nm) and spherical (Figure 2C), which

is similar to previously published results for polyanhydride nanoparticles.[21, 22] The in vitro

release of ropivacaine (Figure 2E) from non-aq Ropi HCl NPs was found to be rapid (~90%

in 12 hours) and very similar to neat Ropi HCl. Since non-aqueous nanoparticle fabrication

does not alter the chemical structure of ropivacaine like alkaline aqueous nanoparticle
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fabrication, the high water solubility of Ropi HCl dictates its fast release from the

nanoparticles. Even the inclusion of slowly degrading pSA (20/80 pSA/Ropi HCl NPs) was

unable to provide controlled release over non-aq Ropi HCl NPs or neat Ropi HCl.

To extend drug release kinetics, a technique for basifying the Ropi HCl within the

nanoparticles had to be developed. Submerging the pSA/Ropi HCl NPs in a basic solution

was the simplest solution, but because polyanhydride degradation is base catalyzed,[25] this

process would rapidly degrade the pSA and negate its ability to control drug release. It was

hypothesized that exposing the pSA/Ropi HCl NPs to a basic gas (ammonia) would convert

the Ropi HCl within nanoparticles into Ropi Base without significantly degrading the pSA

or altering nanoparticle structure. Gaseous basification was used to fabricate non-aq Ropi

Base NPs (Figure 3A), non-aq 20/80 pSA/Ropi Base NPs (Figure 3B), non-aq 50/50 pSA/

Ropi Base NPs (Figure 3C), and non-aq pSA Base NPs (Figure 3D). Basified nanoparticles

were observed to possess similar morphologies to their non-basified counterparts (see Figure

2) with nanoparticle sphericity correlating to pSA content. Nanoparticle mean size and size

distribution (Figure 3E) were also not altered by the gaseous basification process.

Ropivacaine release from non-aq Ropi Base NPs (Figure 3F) was found to be very similar

(~70% in 24 hours) to that of aq Ropi Base NPs, providing strong evidence that the gaseous

basification process successfully converted Ropi HCl within the nanoparticles into Ropi

Base. Non-aq 20/80 pSA/Ropi Base NPs slightly extended ropivacaine release (~90% in 64

hours), whereas non-aq 50/50 pSA/Ropi Base NPs significantly extended ropivacaine

release (~90% in 150 hours). With the lower water solubility of Ropi Base, the

polyanhydride component of the nanoparticles was able to mediate extended drug release

kinetics.

In summary, a facile two-step fabrication process was developed to enable the fabrication of

polyanhydride/anesthetic nanoparticles with controllable drug release kinetics. A solvent/

non-solvent miscible pair capable of precipitating both polyanhydride and ropivacaine

hydrochloride nanoparticles independently was identified and utilized to create composite

polynahydride/ropivacaine hydrochloride nanoparticles. Additionally, a gaseous basification

technique was developed to convert ropivacaine hydrochloride within nanoparticles into

ropivacaine base without altering particle structure or size as well as maintain polymer

integrity. These fundamental results provide a promising platform for the creation of not

only polyanhydride/anesthetic base nanoparticles, but a variety of polymer/drug

nanoparticles with extended and controllable drug release kinetics.

Experimental Section

Materials

Ropivacaine hydrochloride (Ropi HCl) was a generous gift from AstraZeneca (London,

United Kingdom). Sebacic acid (SA), anhydrous petroleum ether, and sodium hydroxide

were purchased from Sigma-Aldrich (Saint Louis, MO). Acetic anhydride, chloroform, dry

petroleum ether, methylene chloroform, and ammonium hydroxide solution (14 N) were

procured from Fisher Scientific (Pittsburgh, PA). Pentane and ammonium hydroxide

solution (30 wt %) were acquired from Acros Organics (Fair Lawn, NJ). Spectra/Por®

dialysis membrane tubing (MWCO: 6,000–8,000 Da) was purchased from Spectrum
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Laboratories (Rancho Dominguez, CA). Deionized, distilled water (ddH2O) was generated

by a Millipore Milli-Q integral water purification system (Billerica, MA).

One-step Aqueous, Alkaline Nanoparticle Precipitation

Similar to a recently reported method,[19] 14 N ammonium hydroxide solution was added to

a 4% w/v Ropi HCl aqueous solution at a 10x molar equivalent to induce alkaline

precipitation of ropivacaine base nanoparticles (aq Ropi Base NPs). The aq Ropi Base NPs

were filtered, washed with ddH2O, lyophilized overnight, and stored under desiccant until

further use. Scanning electron microscopy (SEM) using a JEOL 6320F Field Emission

Scanning Electron Microscope (Tokyo, Japan) was used to evaluate the morphology of Ropi

HCl and aq Ropi Base NPs. Size distribution analysis of aq Ropi Base NPs was carried out

using the image analysis software ImageJ (NIH, Bethesda, MD).

Poly(sebacic anhydride) Synthesis

Poly(sebacic anhydride) (pSA) was synthesized by a two-step polymerization process

similar to previously described methods.[23, 26] SA was first refluxed in an excess of acetic

anhydride to synthesize acetylated SA prepolymer (preSA). PreSA was polymerized into

pSA by melt polycondensation at 180 °C under high vacuum (< 0.3 mm Hg) for 90 minutes.

Proton (1H) NMR was used to determine polymer purity and number average molecular

weight using polymer end group analysis.[27] 1H NMR (400 MHz, CDCl3): δ = 1.32 (s, 8H),

1.65 (t, 4H), 2.44 (m, 4H); Mn ~ 8,400 g/mol. These results were consistent with previously

reported values for pSA.[23, 26]

Non-Aqueous Nanoparticle Precipitation

Similar to previously published techniques for polyanhydride nanoparticle fabrication,[20, 21]

a solvent/non-solvent system was utilized to induce rapid non-aqueous (non-aq)

precipitation of pSA NPs, Ropi HCl NPs, and composites of pSA/Ropi HCl NPs at 20/80

and 50/50 wt/wt ratios. Briefly, pSA and/or Ropi HCl were dissolved in methylene chloride

(3% w/v) and rapidly poured into an unstirred bath of pentane at a 50:1 ratio of non-solvent

to solvent causing immediate solute precipitation. The precipitant was filtered and either left

on the filter paper in the Buchner funnel to be gaseously basified or lyophilized overnight

and stored under desiccant until further use. SEM and ImageJ were used to evaluate

morphology and size distribution, respectively.

Gaseous Basification

A novel gaseous basification technique was developed to convert non-aq Ropi HCl NPs into

ropivacaine base nanoparticles (non-aq Ropi Base). Ammonia gas was generated by adding

12 g of sodium hydroxide into 50 mL of ammonium hydroxide solution (30 wt %) in a 1000

mL Erlenmeyer flask.[28] After the production of ammonia gas was verified by pH paper, a

Buchner funnel with the filtered nanoparticles was placed on top of the Erlenmeyer flask

forcing ammonia gas to flow over the nanoparticles for 5 minutes. The gaseously basified

nanoparticles were washed with pentane, dried on the filter paper, lyophilized overnight, and

stored under desiccant until further use. Gaseous basification was also utilized for the
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conversion of non-aq pSA/Ropi HCl NPs into non-aq pSA/Ropi Base NPs. As before,

morphology and size distribution were assessed using SEM and ImageJ, respectively.

In Vitro Ropivacaine Release

Samples (10 mg of Ropi HCl, aq Ropi Base NPs, non-aq Ropi HCl NPs, 20/80 pSA/Ropi

HCl NPs, non-aq Ropi Base NPs, 20/80 pSA/Ropi Base NPs, or 50/50 pSA/Ropi Base NPs)

were dispersed in 1 mL of phosphate buffered saline (PBS), injected into dialysis bags, and

sealed with dialysis bag clips. Dialysis bags were incubated in a 250 mL PBS bath (> 5X

saturation concentration to ensure sink conditions) at 37°C. One mL samples were taken

from the PBS bath at specific time points over a seven day period and replaced with equal

volumes of PBS. Samples were analyzed for ropivacaine content by reverse-phase high-

performance liquid chromatography (HPLC, Agilent 1100 Series, Agilent Technologies,

Wilmington, DE) using a 50% PBS/50% acetonitrile (with 0.1% trifluoroacetic acid) mobile

phase at a flow rate of 1 mL/min over a 5 μm reverse-phase column (Zorbax Eclipse SDB-

C18, Agilent Technologies, Wilmington, DE). Ropivacaine elution was detected by an

Agilent 1100 diode array detector at 262 nm. Samples taken from a PBS bath exposed to an

equivalent amount of pSA and pSA Base were used to identify any contaminating effects

from the polymer itself. A standard curve of ropivacaine in PBS was generated over the

range of 0.2 - 20 μg/mL and used to convert absorbance to concentration. A cumulative

release profile was generated by normalizing the data against the total amount of

encapsulated ropivacaine and reported as fractional drug release.

Statistical Analysis

All results are reported as mean ± standard deviation. JMP® software (SAS Institute, Cary,

NC) was used to make comparisons between groups using an ANOVA followed by Tukey’s

HSD test to determine pairwise statistically significant differences (p < 0.05).
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Figure 1.
Aqueous, alkaline precipitation of anesthetic nanoparticles. A-B) Representative scanning

electron micrographs of Ropi HCl (A, scale bar = 100 μm) and aq Ropi Base NPs (B, scale

bar = 1 μm). Ropi HCl was found to be comprised of large, brick-like particles whereas

aqueous precipitation yielded smooth, circular Ropi Base NPs. C) A size distribution

analysis of aq Ropi Base NPs showed a near normal distribution of particle size (778 ± 266

nm). D) The release of ropivacaine from aq Ropi Base NPs was significantly prolonged

compared to the release of ropivacaine from Ropi HCl (N = 3; + = p < 0.05 over Ropi HCl).
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Figure 2.
Non-aqueous precipitation of polymer/anesthetic nanoparticles. A-C) Representative

scanning electron micrographs of non-aq Ropi HCl (A, scale bar = 1 μm), 20/80 pSA/Ropi

HCl (B, scale bar = 1 μm), and pSA (C, scale bar = 1 μm) show that the non-aqueous

precipitation technique yields nanoparticles. D) Size distribution analyses of the non-

aqueously precipitated nanoparticles showed similar, near normal distributions of particle

sizes regardless of chemistry. Non-aq Ropi HCl NPs, non-aq 20/80 pSA/Ropi HCl NPs, and

non-aq pSA NPs had average sizes of 506 ± 218 nm, 481 ± 149 nm, and 279 ± 87 nm,

respectively. E) The release of ropivacaine from non-aq Ropi HCl NPs and 20/80 pSA/Ropi

HCl NPs was rapid and very similar to that of Ropi HCl (N = 3; + = p < 0.05 over Ropi HCl,

non-aq Ropi HCl NPs and non-aq 20/80 pSA/Ropi HCl NPs).
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Figure 3.
Gaseous basification of polymer/anesthetic nanoparticles extends drug release kinetics. A-

D) Representative scanning electron micrographs of gaseously basified non-aq Ropi Base

NPs (A, scale bar = 1 μm), 20/80 pSA/Ropi Base NPs (B, scale bar = 1 μm), 50/50 pSA/

Ropi Base NPs (C, scale bar = 1 μm), and pSA NPs (D, scale bar = 1 μm). E) Size

distribution analyses of the gaseously basified, non-aq NPs showed similar, near normal

distributions of particle sizes regardless of chemistry. Non-aq Ropi Base NPs, non-aq 20/80

pSA/Ropi HCl NPs, non-aq 50/50 pSA/Ropi HCl NPs, non-aq pSA NPs had average sizes

of 510 ± 222 nm, 447 ± 157 nm, 306 ± 105 nm, and 280 ± 95 nm, respectively. F) Gaseous

basification modulated ropivacaine release for all formulations with greater pSA content

correlated to slower drug release (N = 3; + = p < 0.05 over Ropi HCl, non-aq Ropi HCl NPs,

and non-aq 20/80 pSA/Ropi HCl NPs; # = p < 0.05 over Ropi HCl, non-aq Ropi HCl NPs,

non-aq 20/80 pSA/Ropi HCl NPs, aq Ropi Base NPs, and non-aq Ropi Base NPs; $ = p <

0.05 over Ropi HCl, non-aq Ropi HCl NPs, non-aq 20/80 pSA/Ropi HCl NPs, aq Ropi Base

NPs, non-aq Ropi Base NPs, and non-aq 20/80 pSA/Ropi Base NPs).
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