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Abstract

:

Metallic nanoparticles, such as gold nanoparticles (AuNPs), have been extensively studied as drug delivery systems for various therapeutic applications. However, drug-loaded-AuNPs have been rarely explored in vivo for their effect on bacteria residing inside tissues. Ciprofloxacin (CIP) is a second-generation fluoroquinolone with a broad-spectrum of antibiotic properties devoid of developing bacteria resistance. This research is focused on the synthesis and physical characterization of Ciprofloxacin-loaded gold nanoparticles (CIP-AuNPs) and their effect on the colonization of Enterococcus faecalis in the liver and kidneys of mice. The successfully prepared CIP-AuNPs were stable and exerted enhanced in vitro antibacterial activity against E. faecalis compared with free CIP. The optimized CIP-AuNPs were administered (500 µg/Kg) once a day via tail vein to infected mice for eight days and were found to be effective in eradicating E. faecalis from the host tissues. Moreover, unlike CIP, CIP-AuNPs were non-hemolytic. In summary, this study demonstrated that CIP-AuNPs are promising and biocompatible alternative therapeutics for E.-faecalis-induced infections resistant to conventional drugs (e.g., beta-lactams and vancomycin) and should be further investigated.
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1. Introduction


E. faecalis has become one of the most daunting bacteria among the opportunistic pathogens [1]. This bacterium is responsible for a major percentage of nosocomial infections. It can cause infections in the gastrointestinal, respiratory, and urinary tracts; root canal; etc. Its characteristic features include extraordinary survival capacities in extreme conditions and development of resistance against antibiotics [2,3,4] such as β–lactam antibiotics and vancomycin [5]. Hence, innovative and effective antibiotics are required to tackle drug resistance mediated by E. faecalis infections.



The development of antimicrobial resistance (AMR) is one of the most pressing global issues, and great efforts have been committed to explore new and advanced antibiotics. However, extensive and impeded regulatory approval has shifted the focus to improve the efficacy of existing blockbuster drugs [6]. Advances in nanotechnology offer exciting methods to provide novel materials that can support penetration into biofilms, promote bacteria entry of the drugs, and present synergism with their own functional attributes [7,8,9]. Metallic nanoparticles (NPs), such as gold nanoparticles (AuNPs), are gaining recognition as improved drug delivery vehicles. They have shown effectiveness for various medical illnesses, including cancer, chronic diseases, and antibacterial, antiviral, and antifungal infections [10]. AuNPs do not exert (inherent) antibacterial activity; however, they enhance antibacterial properties of the loaded antibacterial drugs [11]. Drug-loaded AuNPs collapse bacteria membrane potential, hinder ATPase activity, and halt binding of ribosomes to tRNA leading to deteriorated bacterial cell metabolism [12]. Moreover, their site directed activity can target biofilms and quorum sensing [13,14]. The stability and the activity of such AuNPs under physiological conditions (such as pH, temperature, etc.) have also been evaluated in various studies, as such factors can modify their antibacterial activity [15,16]. Over the last years, various nanocarrier systems against E. faecalis have been reported such as ciprofloxacin and metronidazole encapsulated nanomatrix gels [17], bismuth nanoparticles [18], chitosan–propolis nanoparticles [19], doxycycline-functionalized polymeric nanoparticles [20], methylene blue and biogenic gold nanoparticles [21], silver nanoparticles and calcium hydroxide mixtures [22], biosynthesized silver nanoparticles [23], and graphene oxide nanoparticles [24].



Ciprofloxacin [1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7 piperazinylquinolone-3-carboxylic acid] (CIP) is a large spectrum fluoroquinolone antibiotic that is widely used for the treatment of numerous bacterial infections in joints, bones, skin, tooth, gastrointestinal, and urinary and respiratory tracts [25]. CIP-loaded gold nanoparticles (CIP-AuNPs) were reported by Tom et al. in 2004 [26]. Recently reported nanocarriers for CIP include CIP-loaded nanocomposites [27], PLGA–chitosan-based ciprofloxacin [28], Ciprofloxacin-containing polymer-based nanofibers (scaffolds) [29], and CIP-loaded single-walled carbon nanotubes [30]. This study aims to use ciprofloxacin protected gold nanoparticles to eradicate bacteria in the tissues of mice. The physical characterization of the nanoformulated version of this drug along with in vitro antibacterial activity, against E. faecalis, were carried out. For in vivo studies, an infectious mouse model was developed for E. faecalis and anti-colonization through the use of CIP-AuNPs was determined.




2. Materials and Methods


2.1. Bacterial Strains


The Gram-positive bacterial strain used was E. faecalis JH2-2 (derived from the parental strain JH2). GM17 medium was used for their growth at 37 °C [31].




2.2. Preparation of AuNPs and CIP-AuNPs


The AuNPs were prepared by a previously reported method [26]. Trisodium citrate (0.5 mM) and chloroauric acid (0.5 mM) (MERK, Munich, Germany) were fluxed together. Citrate acted as a stabilizer as well as a reducing agent. The particle formation was confirmed upon achieving a red wine color. For the loading of CIP on AuNPs, 20 mL of the above solution was mixed with 5 mL of CIP (0.5, 1.0, 1.5, 2, and 2.5 mM) at pH 6.5. Then, the solution was stirred until the red color turned to blue–purple.




2.3. Characterization of AuNPs and CIP-AuNPs


The CIP-AuNPs were characterized by UV–Vis spectrophotometry using a UV-2800 (BMS Biotechnology Medical Services, Madrid, Spain) spectrophotometer. Zeta potential was recorded using a Malvern Zeta sizer (Malvern, UK). Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDS) analyses were carried out using a SEM VEG 3 LMU (Tescan, Czech Republic), while Fourier-Transform Infrared Spectroscopy (FTIR) analyses were carried out using a Bruker FTIR Spectrometer ALPHA II (Westborough, MA, USA).




2.4. Drug Loading Capacity and Encapsulation Efficiency


CIP loading capacity and encapsulation efficiency by the AuNPs were evaluated using Equations (1) and (2), respectively.


   Loading   capacity     ( % )  =    Weight   of   CIP   in   CIP  − AuNPs    Weight   of   CIP  − AuNPs   × 100    



(1)






   Encapsulation   Efficiency     ( % )  =    Total   CIP   added    −    Free   CIP       Total   CIP   added    × 100  



(2)








2.5. Drug Release Efficiency


The in vitro release of CIP from the CIP-AuNPs formulated with various concentrations of CIP was studied over time using a UV–Vis spectrophotometer at 280 nm from 0 to 24 h (every 2 h) by adding 20 mL of a 20-mM PBS buffer to 20 mL of the CIP-AuNPs solutions. The cumulative drug release was calculated using Equation (3).


   Cumulative   drug   release     ( % )  =    CIP   released   from   the   CIP  −  AuNPs   at   t         The   total   amount   of   CIP   loaded   onto   the   AuNPs  .      



(3)







To determine the quantity of the drug present at the absorption site, a significant predictor T60%, was calculated as the time taken to release 60% of the drug. For instance, Stineman interpolation using Minitab 17 software was applied. The T60% drug release data were fit into the Korsmeyer-Peppas model for non-swellable matrices (Section S1.3).




2.6. Kinetic Analysis of the Drug Release


To determine the drug release from the CIP-AuNPs, numerous mathematical models (zero-order, first-order, and Higuchi’s model) were employed (Section S1.3) [27,32].




2.7. In Vitro Stability of CIP-AuNPs


The effect of temperature on CIP-AuNPs was found by heating CIP-AuNPs at different temperatures (25 °C, 50 °C, 75 °C, and 100 °C) for 30 min. The effect of pH values (4, 7, and 10) and different salt concentrations (0.05, 0.1, 0.5, and 1 M) on CIP-AuNPs were also determined. For salt concentration, 10 mL of CIP-AuNPs were centrifuged at 10,000× g for 10 min. The resulting pellets were suspended in NaCl solutions (50 mM–1 M) at 37 °C for 24 h.




2.8. In Vitro Antibacterial Potential of CIP-AuNPs


The Minimum Inhibitory Concentration (MIC) of free CIP was calculated using different concentrations of CIP and CIP-AuNPs (0.1–10 mg/mL) against E. faecalis. The bacterial cultures at exponential phase of OD600 were harvested and counted for 106 CFU/mL using the standard dilution method. Using a standard inoculum of 106 CFUs, cultures were incubated at standard conditions for 24 h. The concentrations with a 50% reduction in bacterial count were observed as MIC. With an inoculum of approximately 106 CFU/mL, 50 µL of a 10-fold-diluted culture were plated on M-17 agar plates for measuring the viable cells. Colonies were counted after 24 h [33,34]. Moreover, a zone of inhibition test was also conducted by using the disc diffusion method to compare the antibacterial activity of CIP-AuNPs and free CIP. An E. faecalis culture was developed on the nutrient agar plate. A zone of inhibition (in mm) was then measured for E. faecalis using the Kirby–Bauer method. Sterile Whatman filter paper discs were impregnated with CIP, AuNPs, and CIP-AuNPs at a concentration of 10 µg/disc each.




2.9. Hemolytic Activity of CIP-AuNPs


A hemolysis test was carried out to compare the hemolytic activity of different concentrations (i.e., 10, 25, 50, and 100 µg/mL) of CIP-AuNPs (2 mM CIP), AuNPs, and CIP. Blood samples were taken from healthy female donors. Red blood cells were incubated for 4 h using the method described by Zarmina et al. [35]. As a positive control, Triton X-100 (0.5%) was used, while PBS was used as a negative control. The absorbance was measured at a wavelength of 550 nm.




2.10. Colonization of E. faecalis in BALB/c Mice


The in vivo investigation was conducted using female BALB/c mice (eight weeks old, weighing 25–30 g; n = 15) purchased from the National Institute of Health (NIH), Islamabad Pakistan. They were kept at 25 ± 2 °C and presented with a natural light–dark cycle (10–14 h). The mice were given autoclaved tap water and a normal diet ad libitum. For bacterial colonization in hepatic and renal tissues, a well-established intravenous (IV) infection model was used [36]. The GM17 broth at a temperature of 37 °C was used and the preculture was grown overnight. A total of 100 µL of preculture was added to brain heart infused (BHI) medium supplemented with 40% filter-sterilized serum. Phosphate buffer saline (PBS), pH 7.4, was then used to wash the subsequent pellets from the cultures, optimized by colony counting for the number of cells. The bacterial pallets were then suspended in sterile PBS. A total of 100 µL of the suspension adjusted for 1 × 109 cells/mL of bacterial suspensions were (tail vein) injected into each of the female mice (n = 15).




2.11. In Vivo Antibacterial Activity of CIP-AuNPs


To assess the in vivo antibacterial activity of CIP-AuNPs and CIP, they were suspended or dissolved in PBS buffer. The infected group (n = 15) was treated with CIP-AuNPs (500 µg/Kg, n = 5) and with free CIP (10 mg/Kg, n = 5); the remaining five mice remained untreated. CIP-AuNPs and free CIP were delivered by the tail vein once a day for eight days starting from the seventh day of infection until the day of the challenge. After a week of treatment, all mice were sacrificed, and their liver and kidneys were removed to measure the viable bacterial count through the colony-forming unit (CFU) method. For instance, organs were weighed and homogenized in 10 mL of a PBS solution. 10-fold dilutions of the homogenate were plated on the agar plate. CFUs were counted after 24 h.




2.12. Statistical Analysis


Statistical analysis (such as the mean, standard deviation, and multiple group comparison analysis by one-way ANOVA) was carried out using Origin 2021 (OriginLab Corporation, Northampton, MA, USA) and Graph Pad Prism 9.2.





3. Results


3.1. Synthesis of AuNPS and CIP-AuNPs


The synthesis of AuNPs was accomplished by a chemical reduction method. The red color confirmed the formation of AuNPs upon the addition of citrate to chloroauric acid. The UV–Vis graph shows the absorbance peak of gold nanoparticles at 521 nm (Figure 1).



Further, the addition of CIP into the AuNP solution resulted in a purple to bluish solution, indicating CIP adsorption onto the AuNPs. UV–Vis spectroscopy verified the adsorption of various CIP concentrations on AuNPs, as presented in Figure 2. The transition of the solution color took place upon adding different CIP concentrations, typically from red to purple to bluish, and finally, to dark blue (Figure 1).




3.2. CIP Encapsulation Efficiency and CIP Loading Capacity


CIP encapsulation efficiency was the highest (60.83%) at the highest CIP concentration used (2.5 mM); conversely, CIP encapsulation efficiency into AuNPs was the lowest (24.43%) at the lowest CIP concentration used (0.5 mM) (Table 1). Consistently, the drug loading capacity was also drug-concentration-dependent. Indeed, CIP loading capacity into AuNPs was the highest (34.54%) at the highest CIP concentration used (2.5 mM); conversely, CIP loading capacity into AuNPs was the lowest (8.85%) at the lowest CIP concentration (0.5 mM) (Table 1).




3.3. Particle Size and Zeta Potential of AuNPs and CIP-AuNPs


The average particle size (PS) of AuNPs was found to be 23 nm. The PS for the different CIP-AuNPs are mentioned in Table 2. Upon addition of CIP (0.5 mM and 1 mM), the size of the NPs remained almost the same at 24 nm. The PS increased to 41, 88, and 128 nm using 1.5, 2.0, and 2.5 mM CIP, respectively.



The zeta size and charge values of the CIP-AuNPs and AuNPs are mentioned in Table 2. The AuNP had a negative charge of −32.1 mV, which remained unchanged upon the addition of 0.5 mM CIP. However, the zeta potential (ZP) and PDI values of the CIP-AuNPs at a 1.5 mM CIP concentration were −19.7 ± 6.65 mV and 0.680, respectively.




3.4. Surface Morphology and Elemental Chemical Composition of AuNPs by SEM–EDS


The surface morphology of the chemically prepared NPs (AuNPs and CIP-AuNPs) was analyzed by SEM at 10 kV. SEM images revealed spherically-shaped AuNPs (Figure 3a), 2 mM CIP-AuNPs (Figure 3b), and 2.5 mM CIP-AuNPs (Figure 3c). The SEM analysis further presented a high polydispersity of 2.5 mM CIP-AuNPs.



Besides, EDX analysis was carried out for elemental mapping of CIP-AuNPs (2.5 mM) (Supplementary Materials Figure S1, Section S2.1).




3.5. Structural Analysis of CIP-AuNPs by FTIR Spectroscopy


The FTIR of CIP-AuNPs, AuNPs, and free CIP are presented in Figure 4 and Supplementary Materials Table S1. FTIR results showed the successful adsorption of CIP in AuNPs. The stretching of the N–H bond of the imino moiety on the piperazine group of the CIP was shown by the band at 3410 cm−1. Absorption bands at 1655 cm−1 and 1070 cm−1 represent a primary amine (N–H) bend of the pyridone moiety and the C–F functional group of the CIP, respectively [30]. The peak at 1634.84 cm−1 corresponded to C = O symmetric stretching, and the band at 1381.02 cm−1 was assigned to the C–H stretching vibration in the AuNPs. The CIP-AuNPs exhibited bands at 3341 cm−1, which corresponded to the strong stretching vibration of the O–H group of alcohols and phenols, while the band at 2062 cm−1 referred to strong C–H stretching [33]. The stretching bands at 3410 cm−1 of the N–H bond of the imino moiety on the piperazine group of the CIP moved to 3449 cm−1 for the CIP-AuNPs, showing adsorption of CIP on AuNPs. It has been reported that the nitrogen atom of the NH moiety of the piperazine group of CIP binds to the AuNP surface to form CIP-AuNPs. The binding of CIP to the surface of AuNPs was confirmed by the fact that the corresponding NH2 peaks were broadened and shifted to higher wavelengths (1655 cm−1 to 1667 cm−1). The broad stretching band of O–H was due to water traces in the CIP-AuNP and AuNP samples. The weak bands around 2900 cm−1 in CIP-AuNPs are explained by traces of citrate.




3.6. Kinetics of CIP Drug Release from AuNPs


The drug release curve is represented by a normal biphasic drug release pattern, which can be split into two stages (Figure 5). In the initial stage (0–5 h), a rapid release of CIP occurred from all the formulations. This confirmed the adsorption of CIP on the surface of AuNPs, in which the CIP-AuNPs displayed a high surface-to-volume ratio due to their small size, which promoted burst release [34]. The second stage (5–24 h) was when the drug was released in a prolonged fashion. The T60 of CIP release from the AuNPs loaded with 2 mM of CIP was obtained at 27 h. The T60 for 0.5 mM CIP, 1.5 mM CIP, or 2.5 mM CIP was found to be around 70 at 38 h, 29 h, and 24.5 h, respectively, upon extrapolating the drug release. These results indicated that drug release was seed size-dependent i.e., the smaller the nanoparticles, the slower the drug release.



A first-order release was observed for CIP release from the CIP-AuNPs, which demonstrated that CIP release from CIP-AuNPs (2 mM) was concentration-dependent (Supplementary Materials Figures S2–S6). Overall, the release studies demonstrated that CIP-AuNPs loaded with >1 mM CIP are suitable nanoformulations for CIP administration in a sustained manner. The initial burst release will act as a loading dose to suppress the disease spread, while the sustained release phase will contribute towards a better therapeutic effect.




3.7. Stability Tests on CIP-AuNPs


The CIP-AuNPs with targeted drug concentration (2 mM) showed stability at room temperature and in a basic medium. They were unstable at different salt concentrations. The color change from blue to dark blue was observed with an increase in temperature for the CIP-AuNPs, and 2.0 and 2.5 mM of CIP (Supplementary Materials Figures S7–S11), which is attributed to the increase in particle size (PS) due to aggregation. CIP-AuNPs (2 mM) were stable at room temperature (25 °C), and the Amax increases on the order of 25 °C < 50 °C < 75 °C < 100 °C. With different pH values (Supplementary Materials Figures S12–S16) and increasing salt concentrations (Supplementary Materials Figures S17–S21), irregular trends in Amax (adsorption peak of CIP, 280 nm) of CIP-AuNPs in all formulations were observed. For further analysis, the CIP-AuNPs (2 mM) formulation was selected.




3.8. In Vitro Antibacterial Activity of CIP-AuNPs at the Optimized Dose


The MICs of free CIP and CIP-AuNPs were tested against E. faecalis JH2-2. For comparison of antibacterial activity of CIP and CIP-AuNPs (2 mM), the Minimum Inhibitory Concentration was obtained for our strain. The MIC of CIP and CIP-AuNPs were found to be 2 µg/mL and 1 µg/mL, respectively. The zone of inhibition using 10 µg/disc are presented in Figure 6. As such, a larger zone of inhibition of 23 mm was obtained for the CIP-AuNPs compared with CIP (21 mm), whereas no zone of inhibition was obtained for the bare AuNPs.




3.9. In Vivo Anticolonizing Potential of CIP-AuNPs in an Animal Model


The infected mouse liver and kidneys appeared to be inflamed and some lighter zones underneath the liver (Figure 7A) were observed. Since the strain was not biofilm-forming, no particular lesions were visualized in the infected liver Figure 7A(a). Mice treated with CIP and CIP-AuNPs had a normal liver appearance Figure 7A(b,c) respectively. The kidneys of infected, CIP treated and CIP-AuNPs treated mice presented no particular change in morphology or texture, Figure 7A(d–f) respectively. The average bacterial count (log10CFU/gm organ) in the infected liver was 39.53± 1.93 (Figure 7B(a)). CIP and CIP-AuNPs treated mice harbored 29.049 ± 1.343 log10CFU/mL and 28.4 ± 0.421 log10CFU/mL (p = 0.428) respectively, in the liver. The bacterial load in the kidneys of infected mice was 13.98 ± 0.232 log10CFU/mL (Figure 7B(b)) while kidneys of CIP and CIP-AuNPs treated mice presented significantly lower bacterial load, 7.91 ± 0.2132.76 ± 0.034 log10CFU/mL (p < 0.0D0076), respectively. The in vivo data revealed that the mice treated with CIP-AuNPs significantly reduced bacterial colonization in the kidneys (Figure 7B,D) compared with those of CIP-treated mice. The CFU for the 10-fold serial dilutions in the infected, CIP treated and CIP AuNPs treated liver are shown in Figure 7C(a–c) respectively. Same dilutions for infected, CIP treated and CIP AuNPs treated kidneys are shown in Figure 7D(a–c) respectively.




3.10. Hemolytic Activity of CIP-AuNPs


Hemolytic activity results of the CIP, AuNPs, and CIP-AuNPs are presented in Figure 8. According to ISO/TR 7406, the percentage hemolysis considered to be safe is <5%. These results present the greater hemolytic activity of CIP (6.4, 7.2 and 10%) compared with AuNPs and CIP-AuNPs (2 mM). Since the intravenous route gave an escape to the drug from first-pass metabolism, results indicate a hundred percent availability of the drug or nanoparticles in plasma. Considering the average mouse weight was 28 g, the average injected doses of CIP and CIP-AuNPs in the mice were 280 µg and 14 µg, respectively. The results indicated that CIP had hemolytic activity at concentrations of 20 µg/mL and above.





4. Discussion


Ciprofloxacin is a second-generation fluoroquinolone that is active against many Gram-negative and Gram-positive bacteria. It acts through inhibition of bacterial DNA gyrase and topoisomerase IV. There has been no cross-resistance reported for CIP and other fluoroquinolones; therefore, it is of high clinical value. However, there are certain side effects associated with CIP including low blood sugar, headache, nerve damage causing numbness, tendon rupture, and joint pains. Gold nanoparticles are efficient drug carriers that have the ability to improve the antibacterial effects of loaded antibiotics as well as to reduce the amount of drug required to be effective because of their retention and penetration into bacterial biofilms and cell membranes at the infected sites.



This study reported the effectiveness of spherical CIP-AuNPs as an antibacterial platform against E. faecalis infection in the kidneys and liver of mice. The spherical CIP-AuNPs (Figure 1 and Figure 3) were successfully prepared using a non-simple ionic interaction between CIP and negatively charged AuNPs, which maintained their therapeutic functions without chemical modification [28]. Drug adsorption or loading on the NP was determined by UV–Vis spectroscopy and FTIR. In CIP-AuNPs, the zeta potential values changing from −32.1 mV to −19.7 mV and −13.4 mV indicated the adsorption of CIP onto AuNPs [37]. The negative charge on the AuNPs and the positive charge of the CIP [26] (at 6.5 pH) resulted in electrostatic interactions; hence, enhanced CIP encapsulation efficiency and loading capacity was observed. The addition of different concentrations of the drug to the nanoparticles changed the color from red to purple to bluish purple, and finally, to blue. Increasing the concentration of CIP-AuNPs (>2 mM of CIP concentration) caused the zeta potential values to become less negative (Table 2). The zeta potential values ranging between −5 mV and 5 mV generally demonstrate fast aggregation [38]. The SPR spectra of CIP-AuNPs—2 mM (Figure 1) indicated an increase in the peak intensity of the AuNPs upon the addition of CIP. Moreover, there was a slight shift in the CIP peaks. These changes indicated loading of CIP onto the AuNPs. Considering the standard limits, the zeta potential values of CIP-AuNPs at a 2.5-mM CIP concentration showed fast aggregation. Optimization of the drug for loading is, thus, an important criterion for electrostatically loaded drugs. The encapsulation efficiency, which actually represents the amount of the drug that gets incorporated into a particle at a provided concentration, may help in this regard. The drug loading values present the percentage of drug in terms of weight of the nanoparticles. Considering this, we selected CIP-AuNPs (at a 2 mM CIP concentration) for the antibacterial and hemolysis studies.



The stability testing of the CIP-AuNPs illustrated a drastic shift in the stability of the CIP-AuNPs at 100 °C, which could be due to an increase in collision frequency between CIP-AuNPs. The activation energy produced from these collisions would be enough for CIP-AuNPs to react, which is fully depicted by the Arrhenius equation (Supplementary materials Figures S7–S12). From the observation of the effect of temperature on different CIP-AuNPs, the 2.5 mM ratio showed a change to dark blue. Thus broadening of the CIP-AuNPs peak at the 500 nm range shows particle aggregation. This is due to the fact that the particles destabilize causing a decrease in extinction peak intensity, resulting in a lower number of stable nanoparticles. In the case of pH, the CIP-AuNPs with 2 mM of CIP showed a peak shift from 537 nm to 521 nm at pH 7 and 10 (Figure S15). This is because of the fact that the CIP acquired a negative charge. This negative charge occurred due to deprotonation of the amine group, which then further led to drug unloading. The effect of salt showed the broadening of CIP-AuNPs peaks, this could be attributed to the fact of a very high molar concentrations of the salt used in this experiment. The submolar salt (100 mM and above) (Supplementary materials S17–S21) led to AuNP aggregation and drug unloading.



In the current study, the in vitro drug release was assessed by various kinetic models consisting of the zero-order, first-order, Higuchi, and Korsmeyer–Peppas models. A first-order release was seen for CIP release from the CIP-AuNPs. This shows that CIP release from CIP-AuNPs was directly dependent on the drug concentration (Supplementary materials Figures S2–S6). Overall, the release studies demonstrated the dependence of CIP-AuNPs on particle size. Smaller particles release drugs in a very slow fashion. The most suitable drug release kinetics was obtained by CIP-AuNPs (2 mM).



A higher level of antimicrobial activity is afforded by the CIP-AuNPs. This is due to the large surface-to-volume ratio of AuNPs, which facilitated the adsorption of CIP molecules onto the AuNP surfaces via electrostatic interaction between the amine groups of CIP and AuNPs. The MIC of the CIP-AuNPs was half to that of CIP. Considering that the overall particle seed was gold, the drug amount administered was much lower; thus, carrier driven therapies require less amount of the drug to achieve the same therapeutic outcome. It is well established that silver nanoparticles prepared via a chemical reduction procedure exhibited antibacterial activity. However, for the AuNPs in this study, no inherent antibacterial activity was obtained. This depicts that the surface-area-to-volume ratio of AuNPs served its purpose as a drug delivery system and supported the CIP approach to the target site, thus improving antibacterial activity. Studies revealed that both positively and negatively charged gold nanoparticles get localized in the bacterial membranes. For entry, the binding of negative charged particles to the bacteria’s lipid bilayer results in local gelation. In contrast, the positively charged NPs get along the fluidity in the gelled regions of the bilayers [39,40,41]. Once CIP-AuNPs have reached the bacterial surface, they might have entered or fused with the cell membrane of E. faecalis and served as a reserve for the continuous release of CIP, which must have then diffused into the interior of the E. faecalis. It has also been reported that while acquiring resistance, E. faecalis has cationic membrane proteins on their surface, which alter the membrane fluidity and potential. At moderate levels of E. faecalis resistance, the cell surface becomes neutralized, while at further higher resistance levels, the cell surface acquires a positive charge. This positive charge on the membrane may further permit CIP-AuNPs to interact and enter the bacterial cell [39,40,41].



The in vivo antibacterial activity showed significant reduction in CFU by CIP-AuNPs compared with CIP. However, in the case of the liver, the difference was not significant but comparable to CIP; this could be attributed to the fact that the E. faecalis presented a very high hepatic load. Moreover, since the nanoparticles did not have a polymer coating such as polyethylene glycol, many of them can be uptaken by the reticuloendothelial system and could have been taken for detoxification. In the case of the kidneys, the nanoparticles may have stayed or been entrapped at the glomerular filtration barrier (GFB), which is present within the glomerulus and sandwiched between the glomerular capillary and Bowman’s space. Different layers of the GFB have pore sizes between 8–100 nm and, thus, act as a sieve for the nanoparticles. The nanoparticles, especially the anionic nanoparticles, have higher retention time in the kidneys and, in general, the nanoparticles disintegrate before passing through the GFB. The accumulation of nanoparticles with this size range could be the reason behind the efficiency of the significant decrease in bacterial count in the mice treated with CIP-AuNPs over mice treated with CIP.



Ciprofloxacin has also been associated with hemolytic anemia [42]. In addition to improved antibacterial activity, this study (Figure 7) also reported limited hemolytic activity of the CIP-AuNPs (2 mM) on human red blood cells (RBCs). These results presented the greater hemolytic activity of CIP (6.4, 7.2, and 10.6%) as compared to AuNPs and CIP-AuNPs. It has been reported that a positive charge on the particle‘s surface possesses a membrane-destabilizing and concomitantly destructive effect that results from the interaction of a positive charge and a negative charge of the cell membrane. Therefore, the limited hemolytic activity of the CIP-AuNPs (with a 2-mM CIP concentration) is attributable to the negative charge on its surface and the lack of free CIP in the medium. Considering the average mouse weight as 28 g, the average injected doses of CIP and CIP-AuNPs in the mice were 280 µg and 14 µg, respectively. The results indicated CIP to be hemolytic at a concentration of 20 µg/mL and above (Figure 8). Due to this, the mice experienced hyperactivity and irritation at the site of injection soon after the administration of CIP, and decreased eating after the second day of treatment.



Antibiotics, such as CIP, are an attraction because of their broad spectrum and lack of resistance development. E. faecalis has resistance acquisition capacity and this challenge can be sealed with CIP. Despite of the enormous work conducted on the development of CIP nanocarriers, there is a lack of studies investigating the effects of these nanoparticles in animal models. These studies are extremely important as bacteria residing in the tissue and forming biofilms might not be easily accessed by circulating nanoparticles and therefore they can obtain a colonization advantage. This in vivo study concluded showing efficiency of the CIP-loaded gold nanoparticles against intra-abdominal and urinary tract infections caused by E. faecalis. Further investigations for the biocompatibility and biofilm formation in the host tissues are necessary and will be vital for the further assessment of these novel nanoparticles.
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The following are available online at https://www.mdpi.com/article/10.3390/nano11113152/s1. Figure S1: EDX analysis of the CIP-AuNPs; Figure S2: Kinetic analysis of the drug release for CIP-AuNPs (0.5 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer–Peppas plot, (C) first-order kinetics, and (D) Higuchi kinetics; Figure S3: Kinetic analysis of the drug release for CIP-AuNPs (1 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer–Peppas plot, (C) first-order kinetics, and (D) Higuchi kinetics; Figure S4: Kinetic analysis of the drug release for CIP-AuNPs (1.5 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer–Peppas plot, (C) first-order kinetics, and (D) Higuchi kinetics; Figure S5: Kinetic analysis of the drug release for CIP-AuNPs (2 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer–Peppas plot, (C) first-order kinetics, and (D) Higuchi kinetics; Figure S6: Kinetic analysis of the drug release for CIP-AuNPs (2.5 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer–Peppas plot, (C) first-order kinetics, and (D) Higuchi kinetics; Figure S7: Temperature effect on CIP-AuNPs formulated with 0.5 mM CIP; Figure S8: Temperature effect on CIP-AuNPs formulated with 1 mM CIP; Figure S9: Temperature effect on CIP-AuNPs formulated with 1.5 mM CIP; Figure S10. Temperature effect on CIP-AuNPs formulated with a 2-mM CIP concentration; Figure S11: Temperature effect on CIP-AuNPs formulated with 2.5 mM CIP; Figure S12: pH effect on CIP-AuNPs formulated with 0.5 mM CIP; Figure S13: pH effect on CIP-AuNPs formulated with 1 mM CIP; Figure S14: pH effect on CIP-AuNPs formulated with 1.5 mM CIP; Figure S15: pH effect on CIP-AuNPs formulated with 2 mM CIP. Figure S16: pH effect on CIP-AuNPs formulated with 2.5 mM CIP; Figure S17: Effect of salt concentrations on CIP-AuNPs formulated with 0.5 mM CIP; Figure S18: Effect of salt concentrations on CIP-AuNPs formulated with 1 mM CIP; Figure S19: Effect of salt concentrations on CIP-AuNPs formulated with 1.5 mM CIP; Figure S20: Effect of salt concentrations on CIP-AuNPs formulated with 2 mM CIP; Figure S21: Effect of salt concentrations on CIP-AuNPs formulated with 2.5 mM CIP; Table S1. Spectral assignments for AuNPs, CIP-AuNPs, and free CIP.





Author Contributions


Conceptualization, A.N., S.M.A., S.R. and N.F.R.; methodology, A.N., S.M.A., T.T., N.F.R., A.B., T.J.W. and F.M.; software, S.M.A. and A.N.; validation, A.N., S.M.A., T.T., N.F.R., A.B., T.J.W., T.M. and F.M.; formal analysis, A.N., S.M.A., T.T., N.F.R., A.B., T.J.W. and F.M.; investigation, A.N., S.M.A., T.T. and A.B.; resources, N.F.R.; data curation, A.N., S.M.A., T.T., N.F.R., A.B., T.J.W., M.F., F.B. and F.M.; writing—original draft preparation, writing—review and editing, A.N., S.M.A., T.T., F.M., A.B., Z.R., I.S., A.S. and A.I.; visualization, A.N., S.M.A., T.T. and A.B.; supervision, N.F.R.; project administration, A.N., S.M.A., T.T. and A.B.; funding acquisition, N.F.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received funding from the “National Research Program for Universities (NRPU), Higher Education Commission (HEC)”, Pakistan; grant number 6035.




Data Availability Statement


The data presented in this study are available on requests from corresponding author.




Acknowledgments


We are indebted to Higher Education Commission (HEC) of Pakistan, for the financial support to the project. We would like to express our gratitude to Irshad Hussain, (Lahore University of Management Sciences) Lahore, Pakistan for his words of wisdom and technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wu, D.; Fan, W.; Kishen, A.; Gutmann, J.L.; Fan, B. Evaluation of the Antibacterial Efficacy of Silver Nanoparticles against Enterococcus faecalis Biofilm. J. Endod. 2014, 40, 285–290. [Google Scholar] [CrossRef]

	



Sedgley, C.; Buck, G.; Appelbe, O. Prevalence of Enterococcus faecalis at Multiple Oral Sites in Endodontic Patients Using Culture and PCR. J. Endod. 2006, 32, 104–109. [Google Scholar] [CrossRef]

	



Saleh, I.M.; Ruyter, I.E.; Haapasalo, M.; Ørstavik, D. Survival of Enterococcus faecalis in infected dentinal tu-bules after root canal filling with different root canal sealers in vitro. Int. Endod. J. 2004, 37, 193–198. [Google Scholar] [CrossRef]

	



Liu, H.; Wei, X.; Ling, J.; Wang, W.; Huang, X. Biofilm Formation Capability of Enterococcus faecalis Cells in Starvation Phase and Its Susceptibility to Sodium Hypochlorite. J. Endod. 2010, 36, 630–635. [Google Scholar] [CrossRef] [PubMed]

	



Gilmore, M.S.; Clewell, D.B.; Ike, Y.; Shankar, N. Enterococci: From Commensals to Leading Causes of Drug Resistant Infection; Eye and Ear Infirmary: Boston, MA, USA, 2014. [Google Scholar]

	



Livermore, D.M.; Blaser, M.; Carrs, O.; Cassell, G.; Fishman, N.; Guidos, R.; Levy, S.; Powers, J.; Norrby, R.; Tillotson, G.; et al. Discovery research: The scientific challenge of finding new antibiotics. J. Antimicrob. Chemother. 2011, 66, 1941–1944. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, R.; Lopes, D.; Martins, M.C.L.; Van Dijck, P.; Nunes, C.; Reis, S. Impact of nanosystems in Staphylococcus aureus biofilms treatment. FEMS Microbiol. Rev. 2019, 43, 622–641. [Google Scholar] [CrossRef] [PubMed]

	



Vassallo, A.; Silletti, M.F.; Faraone, I.; Milella, L. Nanoparticulate Antibiotic Systems as Antibacterial Agents and Antibiotic Delivery Platforms to Fight Infections. J. Nanomater. 2020, 2020. [Google Scholar] [CrossRef]

	



Pugazhendhi, A.; Kumar, S.S.; Manikandan, M.; Saravanan, M. Photocatalytic properties and antimicrobial ef-ficacy of Fe doped CuO nanoparticles against the pathogenic bacteria and fungi. Microb. Pathog. 2018, 122, 84–89. [Google Scholar] [CrossRef]

	



Uzair, B.; Liaqat, A.; Iqbal, H.; Menaa, B.; Razzaq, A.; Thiripuranathar, G.; Rana, N.F.; Menaa, F. Green and Cost-Effective Synthesis of Metallic Nanoparticles by Algae: Safe Methods for Translational Medicine. Bioengineering 2020, 7, 129. [Google Scholar] [CrossRef]

	



Wang, L.; Hu, C.; Shao, L. The antimicrobial activity of nanoparticles: Present situation and prospects for the future. Int. J. Nanomed. 2017, 12, 1227–1249. [Google Scholar] [CrossRef]

	



Dykman, L.; Khlebtsov, N. Gold nanoparticles in biomedical applications: Recent advances and perspectives. Chem. Soc. Rev. 2012, 41, 2256–2282. [Google Scholar] [CrossRef] [PubMed]

	



Abdel-Raouf, N.; Al-Enazi, N.M.; Ibraheem, I.B. Green biosynthesis of gold nanoparticles using Galaxaura elongata and characterization of their antibacterial activity. Arab. J. Chem. 2017, 10, S3029–S3039. [Google Scholar] [CrossRef]

	



Li, W.; Geng, X.; Liu, D.; Li, Z. Near-infrared light-enhanced protease-conjugated gold nanorods as a photo-thermal antimicrobial agent for elimination of exotoxin and biofilms. International journal of nanomedicine. Int. J. Nanomed. 2019, 14, 8047. [Google Scholar] [CrossRef] [PubMed]

	



Rhazouani, A.; Gamrani, H.; El Achaby, M.; Aziz, K.; Gebrati, L.; Uddin, S.; Aziz, F. Synthesis and Toxicity of Graphene Oxide Nanoparticles: A Literature Review of In vitro and In vivo Studies. BioMed Res. Int. 2021, 2021. [Google Scholar] [CrossRef] [PubMed]

	



Kaushik, S.N.; Scoffield, J.; Andukuri, A.; Alexander, G.C.; Walker, T.; Kim, S.; Choi, S.C.; Brott, B.C.; Eleazer, P.D.; Lee, J.-Y.; et al. Evaluation of ciprofloxacin and metronidazole encapsulated biomimetic nanomatrix gel on Enterococcus faecalis and Treponema denticola. Biomater. Res. 2015, 19, 9. [Google Scholar] [CrossRef]

	



Azad, A.; Rostamifar, S.; Modaresi, F.; Bazrafkan, A.; Rezaie, Z. Assessment of the Antibacterial Effects of Bismuth Nanoparticles against Enterococcus faecalis. BioMed Res. Int. 2020, 2020. [Google Scholar] [CrossRef]

	



Parolia, A.; Kumar, H.; Ramamurthy, S.; Davamani, F.; Pau, A. Effectiveness of chitosan-propolis nanoparticle against Enterococcus faecalis biofilms in the root canal. BMC Oral Heal. 2020, 20, 339. [Google Scholar] [CrossRef]

	



Arias-Moliz, M.T.; Baca, P.; Solana, C.; Toledano, M.; Medina-Castillo, A.L.; Toledano-Osorio, M.; Osorio, R. Doxycycline-functionalized polymeric nanoparticles inhibit Enterococcus faecalis biofilm formation on dentine. Int. Endod. J. 2021, 54, 413–426. [Google Scholar] [CrossRef]

	



Maliszewska, I.; Wróbel, J.; Wanarska, E.; Podhorodecki, A.; Matczyszyn, K. Synergistic effect of methylene blue and biogenic gold nanoparticles against Enterococcus faecalis. Photodiagnosis Photodyn. Ther. 2019, 27, 218–226. [Google Scholar] [CrossRef]

	



Balto, H.; Bukhary, S.; Al-Omran, O.; BaHammam, A.; Al-Mutairi, B. Combined Effect of a Mixture of Silver Nanoparticles and Calcium Hydroxide against Enterococcus faecalis Biofilm. J. Endod. 2020, 46, 1689–1694. [Google Scholar] [CrossRef]

	



Halkai, K.; Mudda, J.A.; Shivanna, V.; Rathod, V.; Halkai, R. Antibacterial efficacy of biosynthesized silver nanoparticles against Enterococcus faecalis Biofilm: An in vitro study. Contemp. Clin. Dent. 2018, 9, 237–241. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Liu, Y.; Zhang, H.; Lei, L. Nano-graphene oxide with antisense walR RNA inhibits the pathogenicity of Enterococcus faecalis in periapical periodontitis. J. Dent. Sci. 2019, 15, 65–74. [Google Scholar] [CrossRef] [PubMed]

	



Martini, C.; Longo, F.; Castagnola, R.; Marigo, L.; Grande, N.M.; Cordaro, M.; Cacaci, M.; Papi, M.; Palmieri, V.; Bugli, F.; et al. Antimicrobial and Antibiofilm Properties of Graphene Oxide on Enterococcus faecalis. Antibiotics 2020, 9, 692. [Google Scholar] [CrossRef] [PubMed]

	



Herizchi, R.; Abbasi, E.; Milani, M.; Akbarzadeh, A. Current methods for synthesis of gold nanoparticles. Artif. Cells Nanomed. Biotechnol. 2016, 44, 596–602. [Google Scholar] [CrossRef]

	



Tom, R.T.; Suryanarayanan, V.; Reddy, P.G.; Baskaran, S.; Pradeep, T. Ciprofloxacin-protected gold nanopar-ticles. Langmuir 2004, 20, 1909–1914. [Google Scholar] [CrossRef]

	



Topal, G.R.; Devrim, B.; Eryilmaz, M.; Bozkir, A. Design of ciprofloxacin-loaded nano-and micro-composite particles for dry powder inhaler formulations: Preparation, in vitro characterisation, and antimicro-bial efficacy. J. Microencapsul. 2018, 35, 533–547. [Google Scholar] [CrossRef]

	



Arafa, M.G.; Mousa, H.A.; Afifi, N.N. Preparation of PLGA-chitosan based nanocarriers for enhancing anti-bacterial effect of ciprofloxacin in root canal infection. Drug Deliv. 2020, 27, 26–39. [Google Scholar] [CrossRef]

	



Albuquerque, M.T.; Valera, M.C.; Moreira, C.S.; Bresciani, E.; de Melo, R.M.; Bottino, M.C. Effects of ciprof-loxacin-containing scaffolds on Enterococcus faecalis biofilms. J. Endod. 2015, 41, 710–714. [Google Scholar] [CrossRef]

	



Assali, M.; Zaid, A.N.; Abdallah, F.; Almasri, M.; Khayyat, R. Single-walled carbon nanotubes-ciprofloxacin nanoantibiotic: Strategy to improve ciprofloxacin antibacterial activity. Int. J. Nanomed. 2017, 12, 6647–6659. [Google Scholar] [CrossRef]

	



Rana, N.F.; Sauvageot, N.; Laplace, J.-M.; Bao, Y.; Nes, I.; Rincé, A.; Posteraro, B.; Sanguinetti, M.; Hartke, A. Redox Balance via Lactate Dehydrogenase Is Important for Multiple Stress Resistance and Virulence in Enterococcus faecalis. Infect. Immun. 2013, 81, 2662–2668. [Google Scholar] [CrossRef]

	



Dash, S.; Murthy, P.N.; Nath, L.; Chowdhury, P. Kinetic modeling on drug release from controlled drug delivery systems. Acta Pol. Pharm. Drug Res. 2010, 67, 217–223. [Google Scholar]

	



Bettini, R.; Catellani, P.L.; Santi, P.; Massimo, G.; Peppas, N.A.; Colombo, P. Translocation of drug particles in HPMC matrix gel layer: Effect of drug solubility and influence on release rate. J. Control. Release 2001, 70, 383–391. [Google Scholar] [CrossRef]

	



Naz, S.S.; Islam, N.U.; Shah, M.R.; Alam, S.S.; Iqbal, Z.; Bertino, M.; Franzel, L.; Ahmed, A. Enhanced biocidal activity of Au nanoparticles synthesized in one pot using 2, 4-dihydroxybenzene carbodithioic acid as a reducing and stabilizing agent. J. Nanobiotechnol. 2013, 11, 13. [Google Scholar] [CrossRef] [PubMed]

	



Muhammad, Z.; Raza, A.; Ghafoor, S.; Naeem, A.; Naz, S.S.; Riaz, S.; Ahmed, W.; Rana, N.F. PEG capped methotrexate silver nanoparticles for efficient anticancer activity and biocompatibility. Eur. J. Pharm. Sci. 2016, 91, 251–255. [Google Scholar] [CrossRef]

	



Riaz, S.; Rana, N.F.; Hussain, I.; Tanweer, T.; Nawaz, A.; Menaa, F.; Janjua, H.A.; Alam, T.; Batool, A.; Naeem, A.; et al. Effect of Flavonoid-Coated Gold Nanoparticles on Bacterial Colonization in Mice Organs. Nanomaterials 2020, 10, 1769. [Google Scholar] [CrossRef]

	



Bhalerao, S.R.; Rote, A.R. Application of UV spectrophotometric methods for estimation of Ciprofloxacin and tinidazole in combined tablet dosage form. Int. J. Pharmacol. Pharm. Sci. 2012, 4, 4–7. [Google Scholar]

	



Bhattacharjee, S. DLS and zeta potential—What they are and what they are not? J Control. Release 2016, 235, 337–351. [Google Scholar] [CrossRef]

	



Canepa, E.; Salassi, S.; Simonelli, F.; Ferrando, R.; Rolandi, R.; Lambruschini, C.; Canepa, F.; Dante, S.; Relini, A.; Rossi, G. Non-disruptive uptake of anionic and cationic gold nanoparticles in neutral zwitterionic membranes. Sci. Rep. 2021, 11, 1–11. [Google Scholar] [CrossRef]

	



Okoampah, E.; Mao, Y.; Yang, S.; Sun, S.; Zhou, C. Gold nanoparticles-biomembrane interactions: From fundamental to simulation. Colloids Surf. B Biointerfaces 2020, 196, 111312. [Google Scholar] [CrossRef]

	



Dreaden, E.C.; Austin, L.; Mackey, M.A.; El-Sayed, M.A. Size matters: Gold nanoparticles in targeted cancer drug delivery. Ther. Deliv. 2012, 3, 457–478. [Google Scholar] [CrossRef]

	



Lim, S.; Alam, M.G. Ciprofloxacin-Induced Acute Interstitial Nephritis and Autoimmune Hemolytic Anemia. Ren. Fail. 2003, 25, 647–651. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 11 03152 g001 550] 





Figure 1. UV–Vis spectra of CIP, AuNPs, and CIP-AuNPs. 
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Figure 2. UV–Vis spectra of CIP-AuNPs loaded with various CIP concentrations. 
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Figure 3. SEM micrographs of (a) AuNPs, (b) AuNPs (2 mM), and (c) CIP-AuNPs (2.5 mM). 
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Figure 4. FTIR spectra of CIP-AuNPs, AuNPs, and free CIP. 
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Figure 5. In vitro CIP release from AuNPs loaded with various CIP concentrations. 






Figure 5. In vitro CIP release from AuNPs loaded with various CIP concentrations.



[image: Nanomaterials 11 03152 g005]







[image: Nanomaterials 11 03152 g006 550] 





Figure 6. The zones of inhibition (ZI) displayed by CIP, AuNPs, and CIP-AuNPs for E. faecalis. 
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Figure 7. Effect of CIP (10 mg/Kg) and CIP-AuNPs (500 µg/Kg) on the colonization of E. faecalis in the (A) mouse organs—(a) infected liver, (b) CIP-treated liver, (c) CIP-AuNPs-treated liver, (d) infected kidney, (e) CIP-treated kidney, (f) CIP-AuNPs treated kidneys, infected kidneys, (B(a,b)) CFU E. faecalis in the infected liver and kidney; (C) CFU counting in the liver—(a) infected, (b) CIP-treated, and (c) CIP-AuNPs-treated; (D) CFU counting in the kidneys—(a) infected, (b) CIP-treated, and (c) CIP-AuNPs-treated. 
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Figure 8. Hemolytic activity of CIP, AuNPs, and CIP-AuNPs, ** presents p ≤ 0.01. 
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Table 1. Encapsulation efficiency (%) and loading capacity (%) of CIP onto the AuNPs at varying CIP concentrations.
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	CIP Concentration AuNPs
	Encapsulation Efficiency (%)
	Loading Capacity (%)





	0.5 mM
	24.43
	8.85



	1.0 mM
	29.30
	15.60



	1.5 mM
	30.65
	28.85



	2.0 mM
	48.92
	33.81



	2.5 mM
	60.83
	34.54
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Table 2. Zeta potential values for CIP-AuNPs, AuNPs, and CIP.
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	CIP-AuNPs
	Z-Average

(d. nm)
	PDI
	St Dev

(d. nm)
	Zeta Potential (mV)





	0.5 mM
	24.43
	0.26
	6.21
	−32.1



	1.0 mM
	24.09
	0.301
	6.044
	−33.3



	1.5 mM
	41
	0.68
	10.21
	−19.7



	2.0 mM
	88.2
	1.000
	57.4
	−13.4



	2.5 mM
	128.2
	0.48
	79.18
	−2.12
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