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Abstract

:

The improvement of the loading content of hydrophilic drugs by polymer nanoparticles (NPs) recently has received increased attention from the field of controlled release. We developed a novel, simply modified, drop-wise nanoprecipitation method which separated hydrophilic drugs and polymers into aqueous phase (continuous phase) and organic phase (dispersed phase), both individually and involving a mixing process. Using this method, we produced ciprofloxacin-loaded NPs by Poly (d,l-lactic acid)-Dextran (PLA-DEX) and Poly lactic acid-co-glycolic acid-Polyethylene glycol (PLGA-PEG) successfully, with a considerable drug-loading ability up to 27.2 wt% and an in vitro sustained release for up to six days. Drug content with NPs can be precisely tuned by changing the initial drug feed concentration of ciprofloxacin. These studies suggest that this modified nanoprecipitation method is a rapid, facile, and reproducible technique for making nano-scale drug delivery carriers with high drug-loading abilities
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1. Introduction


Since its introduction in the late 1980s by Fessi et al. [1], nanoprecipitation technology has grown into a highly efficient, easily handled, and mature tool to fabricate drug-loaded nanoparticles (NPs) for biomedical researchers. Polymer and hydrophobic drugs were dissolved in the same organic solvents and then mixed with an aqueous solution. By modifying the solution mixing speed, Oil/Water ratio [2], pH [3], polymer/drug ratio [4], block ratio of block polymers [5], and solvent selection [6], the parameters of NPs including size, distribution, and drug encapsulation efficiency can be tuned easily. We previously reported on the encapsulation of the hydrophobic drug ellipticine by using peptide molecules [7,8].



However, the conventional nanoprecipitation procedure has relatively limited potential to encapsulate hydrophilic compounds [9]. This deficiency of encapsulation is mainly due to poor solubility of hydrophilic compounds in most organic solvents [10,11,12,13,14]; it further affects its controllability over drug-loading amount [15]. Efforts have been made to improve the state; however, these involve complex preparation processes, including O/W and W/O/W emulsion methods [16] as well as hydrogel [17], resulting in much larger non-uniform nanoparticles, with sizes from several hundred to several thousand nanometers [18]. Classical nanoparticles methods lead to mass loading of approximately 1 wt% [19].



In this study, we chose ciprofloxacin as our model drug, one of the most commonly used anti-infective agents for ocular treatment because of its low toxicity, broad-spectrum antimicrobial activity, and low resistance to bacteria [20]. Previous research on ciprofloxacin encapsulation have largely been conducted with emulsion methods [16] or hydrogels [17], which usually involved complex preparations or led to much larger and polydisperse NPs. For example, emulsion methods require a homogenization process, which takes a long time to mix; additionally, residue of toxic organic phases can be a potential challenge for biocompatibility. Here, we developed a modified nanoprecipitation method that separates drug and polymer into two different organic and aqueous phases. Monodispersed, ciprofloxacin-loaded NPs were formed with a tunable size via a simple drop-wise mixing process similar to conventional nanoprecipitation’s [9]. The drug encapsulation efficiencies of NPs and their in vitro release kinetics were assessed. In addition, a high linear correlation was found between the initial concentration of ciprofloxacin and the mass-loading ability of PLA-DEX and PLGA-PEG NPs. This work provides a new quantitative approach for producing polymeric NPs with high-loading capability of hydrophilic drugs through a simple, one-step nanoprecipitation.




2. Experimental Section


2.1. Materials


Poly (d,l-lactic acid)-Dextran (PLA20kDa-DEX10kDa) was synthesized as previously reported [21]. Briefly, the synthesis can be divided into three stages: (1) reductive amination between aldehyde on the reducing end of dextran and amine group of N-Boc-ethylenediamine cross-linker. (2) Deprotection of the Boc group, which involves cleaving the amide bond between the Boc group and the protected amine moiety as well as deprotonating the –NH3+ end groups which were deprotected. (3) Conjugation of the end-modified dextran with PLA, which was facilitated by adding catalysts N-(3-dimethylaminopropyl)-Nethylcarbodiimide (EDC) and Sulfo-NHS and allowing the reaction to proceed for 4 h at room temperature. PLGA (30~35 kDa, 50:50)-PEG (6 kDa) was purchased from Lakeshore Biomaterials (Birmingham, AL, USA). Both polymers are amphiphilic because PLA and PLGA parts are hydrophobic, and Dextran and PEG parts are hydrophilic [22,23,24,25,26]. Ciprofloxacin, dimethyl sulfoxide (DMSO), and hydrochloric acid (HCl) were purchased from Sigma Aldrich (Oakville, ON, Canada). Simulated tear fluid (STF) was prepared for the in vitro release experiment using a previously described formulation [27].




2.2. Synthesis of PLA-DEX and PLGA-PEG Nanoparticles (NPs)


1 mL PLA-DEX or PLGA-PEG solution (5 mg/mL in DMSO) was added to 10 mL 1 M HCl aqueous solution by a pipette with gentle magnetic stirring for 10 min. Next, the dispersion was filtered by 200 nm filters for further use. The size and polydispersity (PDI) of NPs were determined by dynamic lighting scattering (DLS; 90Plus Particle Size Analyzer, Brookhaven Instruments, NY, USA), λ = 659 nm at 90°).




2.3. Transmission Electron Microscopy (TEM)


The particle morphology of PLA-DEX and PLGA-PEG NPs were further characterized using transmission electron microscopy (TEM, Philips CM 10, Philips Electronics, Eindhoven, Netherlands) with a lanthanum hexaboride filament (LaB6). The NP solution was prepared according to protocols mentioned above and coated onto a copper grid. A drop of aqueous phosphotungstic acid solution (20 mg/mL) was used to briefly stain the NPs for 10 s and was then removed by absorbent paper. The copper grid was dried at room temperature overnight before TEM imaging.




2.4. Ciprofloxacin Encapsulation by PLA-DEX and PLGA-PEG NPs


PLA-DEX was dissolved in dimethyl sulfoxide (DMSO, 5 mg/mL), and ciprofloxacin was dissolved in 1 M HCl aqueous solution with concentration of 0.5, 1, 2, 4, 5, 6, and 8 mg/mL, respectively. 1 mL PLA-DEX solution was added to 10 mL ciprofloxacin solution by dropper with gentle magnetic stirring for 10 min. Next, the solution was filtered by 200 nm filters for further use. 1 mL of filtered solution was centrifuged with an Amicon centrifuge tube (MWCO = 3000) for 30 min at 8000 rpm. 1 mL of 1 M HCl aqueous solution was used to resuspend the NPs, and another round of centrifugation (8000 rpm, 30 min) was performed to wash away the un-bonded and loosely associated ciprofloxacin. Subsequently, the NPs were dissolved by a mixed solvent of 1 M HCl aqueous solution and DMSO (v:v = 1:1) to release all encapsulated drugs for determination of encapsulation efficiency by UV spectroscopy (see Supplementary Materials). Specifically, a standard curve relationship of concentration of ciprofloxacin in solution and UV absorbance was calibrated first. Second, by comparing experimental UV absorbance to the standard calibration curve, an experimental concentration of ciprofloxacin in the solution could be determined.



The same procedure was applied for encapsulation of ciprofloxacin by PLGA-PEG for comparative analysis. The encapsulation efficiency and mass-loading ability of NPs were calculated by Equations (1) and (2):


Encapsulation efficiency = (Mass of the drug encapsulated/Mass of the initial drug feed) × 100%



(1)






Mass loading ability = (Mass of the drug encapsulated/Mass of the polymer) × 100%



(2)








2.5. Drug Release Study


After the modified nanoprecipitation (1 mL 5 mg/mL PLA-DEX and 10 mL 5 mg/mL ciprofloxacin), 4 mL filtered solution was centrifuged, washed, and re-centrifuged per the procedure mentioned above. The NPs were resuspended in 10 mL Millipore water, and then transferred into a dialysis membrane (100 kDa, MWCO) against 400 mL simulated tear fluid (STF) in a release bottle with stirring at 37 °C. 1 mL of each sample was collected at 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, 24 h, 48 h, and 144 h to determine the cumulative-released dose by UV spectroscopy. The most commonly adapted formula of STF is: NaCl 0.67 g, NaHCO3, 0.20 g, CaCl2·2H2O 0.008 g in 100 mL DI water (pH = 7.4) [28]. Comparative groups of free drug without NP carriers and of ciprofloxacin-PLGA-PEG NPs were made according to the same protocols.





3. Results and Discussion


3.1. Formation of Ciprofloxacin-Loaded NPs by Block Polymers


Scheme 1 shows a schematic of the formation process of ciprofloxacin-loaded NPs within the modified nanoprecipitation. Nanoprecipitation of drug-loaded NPs occurs because of solvent displacement, in which a “good” solvent condition turns into a “bad” solvent condition [29]. However, in our modified nanoprecipitation, drug (ciprofloxacin) and polymer were dissolved in two different “good” solvents individually, which were then converted into one same “bad” solvent in a one-step mixing. The formation of drug-loaded NPs is due to the interfacial deposition of polymer and drug because of the interfacial solvent displacement between two different unstable liquid phases [1].




3.2. Encapsulation of Ciprofloxacin by NPs


As shown in Table 1, the effective diameters slightly increased from 82 ± 8 nm to 98 ± 11 nm by PLA-DEX NPs, and from 174 ± 1 nm to 205 ± 15 nm by PLGA-PEG NPs, respectively, with the increase of ciprofloxacin concentration from 0.5 mg/mL to 8 mg/mL. Given that other environmental conditions remained the same, this increase of NP size resulted from the increased amount of encapsulated drug content within the NPs (Figure 1), suggesting that we could tune the NP size by controlling the concentration of ciprofloxacin. Moreover, with this modified nanoprecipitation method, the NPs remained a relatively low and similar polydispersity (Table 1) regardless of changes in ciprofloxacin concentration or NP size. This characteristic revealed that our modified nanoprecipitation method has a superior controllability over the morphology of NPs. The TEM images (Figure 2) of the NPs are shown in spherical shape in Figure 2. We analyzed the size distributions of the two NPs in the TEM images. It was 35.83 ± 6.33 nm and 70.15 ± 5.86 nm for PLA-DEX and PLGA-PEG, respectively. Notably, the hydrodynamic diameter of NPs by DLS was much higher than the TEM result, which may be because that hydrophilicity of outer layer of NPs increased intensity-based diameter of NPs detected by DLS [30]. Furthermore, the stain and dry processes might cause the differences.



In addition, with this modified nanoprecipitation method, NPs presented a considerable mass loading ability, 18.6 ± 2.6% by PLA-DEX and 27.2 ± 4.8% by PLGA-PEG, respectively. Noticeably, the mass loading ability of NPs, either PLA-DEX or PLGA-PEG, exhibited a liner relationship with the concentration of ciprofloxacin by this modified nanoprecipitation. Both correlation coefficients were very close to 1 (R = 0.9847 by PLA-DEX NPs and R = 0.9837 by PLGA-DEX NPs) according to Figure 1, which indicates a quantitative approach that may control the amount of the encapsulated ciprofloxacin [29] in the NPs by changing the concentration of original drug feed.



Although the encapsulation efficiency (Table 1) of our modified nanoprecipitation method appears relatively lower than those commonly seen in hydrophobic drugs, it is still meaningful because encapsulation of ciprofloxacin by a conventional nanoprecipitation method is difficult to achieve. In addition, the mass-loading capability of our modified nanoprecipitation is even higher than the emulsion method [16]. Moreover, the remaining or non-encapsulated ciprofloxacin in our protocol (after the centrifugation with MWCO = 3000, as described in Section 2.4) can be re-used for another or even multiple runs of modified nanoprecipitation because majority of ciprofloxacin solution remains aqueous and of a high concentration of ciprofloxacin.




3.3. Ciprofloxacin Release Study


Figure 3 illustrates how the ciprofloxacin was released in simulated tear fluid (STF) as a free drug, as encapsulated content by the PLA-DEX NPs, and by PLGA-PEG NPs, respectively. The free drug group had a very quick release up to 83.2 ± 6.9% within the initial 2 h due to the free diffusion of the ciprofloxacin; the free diffusion was almost finished at 6 h. In contrast, the ciprofloxacin encapsulated by both PLA-DEX and PLGA-PEG NPs had a slower burst-release within the initial 2 h, up to 67.5 ± 6.1% and 56.1 ± 9.0%, respectively. These differences indicate that part of the encapsulated drugs was strongly associated to the NPs that were well “covered” or “protected” during the burst-release stage [31] when compared with the free drug group. Both PLA-DEX NPs and PLGA-PEG NPs exhibited a much more controlled release profile than the free drugs. After the first 12 h, a steady-release stage continued within both two groups, culminating at 96.9 ± 5.2% and 95.4 ± 2.5%, respectively, at 144 h. Notably, the PLGA-PEG NPs released ciprofloxacin at a slower rate than the PLA-DEX NPs. This may have been caused by PLA-DEX NPs having more hydrophilic surfaces [32], which are less compact in an aqueous environment, making it easier for ciprofloxacin drugs to detach [4]. The modified nanoprecipitation method is a promising tool for encapsulation and release of hydrophilic drugs and preparation of functional NPs as drug delivery carriers. The cell membrane is a major barrier for drug transport. Most of the small molecules penetrate the membrane by passive diffusion, which is easily affected by concentration as well as the physical and chemical properties of the cell membrane, such as the cholesterol present on the membrane [33,34]. The NPs may help the drug cross the membrane in addition to passive diffusion, providing an optimized combination. Previously, we reported a polypeptide that may help the cancer drug ellipticine penetrate the cell membrane and improve its uptake [7]. In our further work, the uptake mechanism of the PLA-DEX and PLAG-PEG NPs will be identified for further application.





4. Conclusions


A novel, one-step, drop-wise, modified nanoprecipitation method was successfully developed through which we could efficiently encapsulate the hydrophilic drug ciprofloxacin by PLA-DEX and PLGA-PEG NPs. NPs of considerable drug-loading ability were synthesized with tunable sizes. We also found that the mass-loading ability of the NPs varied as an excellent linear function of the concentration of ciprofloxacin, which demonstrates a possibility for an accurate control over the drug-loading amount by NPs. Both PLA-DEX and PLGA-PEG NPs exhibited a sustained release in comparison with free drugs. By optimizing the formulation of NPs by changing the drug/polymer ratio and polymer composition, a more effective drug release rate and constant treatment can be achieved in future clinical applications. These characteristics make this modified nanoprecipitation method a promising technique for the encapsulation and release of hydrophilic drugs as well as the preparation of functional NPs as drug delivery tools for further biomedical application.
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Scheme 1. The formation procedure of ciprofloxacin-loaded Nanoparticles (NPs). (1) Drop-wise nanoprecipitation; (2) Block polymer self-assembled to form core-shell NPs with ciprofloxacin; (3) The NPs and non-encapsulated ciprofloxacin after nanoprecipitation. 
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Figure 1. Relationship of NPs’ mass-loading ability and initial concentration of ciprofloxacin. (a) PLA-DEX NPs, y = 2.2015x, R2 = 0.9696; (b) PLGA-PEG NPs, y = 3.1115x, R2 = 0.9676. (n = 3; mean ± S.D.). 
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Figure 2. Transmission electron microscopy images demonstrate the spherical shape of (a) PLA–DEX NPs and (b) PLGA-PEG NPs (Scale bar = 100 nm). 
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Figure 3. The cumulative release profiles of ciprofloxacin in vitro in simulated tear fluid (STF) at 37 °C as free drugs by PLA-DEX NPs and PLGA-PEG NPs. (n = 3; mean ± S.D.). 
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Table 1. NP parameters of effective diameter, polydispersity, and mass-loading ability for PLA-DEX and PLGA-PEG. (n = 3; mean ± S.D.).
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	Polymer
	C of Cipro (mg/mL)
	Size of NPs (nm)
	PDI
	Encapsulation Efficiency
	Mass Loading Ability (%)





	PLA-DEX
	0.5
	82 ± 8
	0.137 ± 0.011
	1.52 ± 0.23
	1.52 ± 0.23



	
	1.0
	89 ± 3
	0.129 ± 0.015
	1.67 ± 0.42
	3.33 ± 0.84



	
	2.0
	89 ± 7
	0.124 ± 0.029
	1.42 ± 0.15
	5.68 ± 0.74



	
	4.0
	93 ± 7
	0.141 ± 0.020
	1.1 ± 0.04
	8.45 ± 0.31



	
	5.0
	95 ± 9
	0.138 ± 0.026
	1.0 ± 0.20
	10.25 ± 1.99



	
	6.0
	94 ± 9
	0.133 ± 0.014
	1.0 ± 0.32
	12.06 ± 1.90



	
	8.0
	98 ± 11
	0.133 ± 0.034
	1.17 ± 0.16
	18.64 ± 2.60



	PLGA-PEG
	0.5
	174 ± 1
	0.125 ± 0.014
	3.29 ± 1.00
	3.29 ± 1.00



	
	1.0
	175 ± 1
	0.123 ± 0.002
	2.38 ± 0.38
	4.76 ± 0.75



	
	2.0
	178 ± 8
	0.123 ± 0.007
	1.49 ± 0.40
	5.97 ± 1.60



	
	4.0
	179 ± 2
	0.098 ± 0.005
	1.35 ± 0.07
	10.79 ± 0.59



	
	5.0
	183 ± 5
	0.124 ± 0.007
	1.37 ± 0.13
	13.71 ± 1.25



	
	6.0
	188 ± 5
	0.103 ± 0.015
	1.49 ± 0.25
	17.84 ± 3.04



	
	8.0
	205 ± 15
	0.112 ± 0.022
	1.70 ± 0.30
	27.24 ± 4.79











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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