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Abstract

:

It has been shown that the optimized VIR-576 derivative of the natural HIV-1 entry inhibitor targeting the viral gp41 fusion peptide is safe and effective in infected individuals. However, high doses of this peptide were required, and stability, as well as delivery, must be improved for clinical application. Here, we examined the loading and release of VIR-576 into/from mesoporous silica nanoparticles (MSNs) in vitro. We found that a moderately high peptide loading of 11.5 wt % could be achieved by adsorption from PBS buffer (pH 7.2), i.e., under mild, fully peptide-compatible conditions. The release rate of peptide into the same buffer was slow and the equilibrium concentration as indicated by the adsorption isotherm could not be reached even within 50 h at the particle concentrations studied. However, a faster release was observed at lower particle concentrations, indicating that partial particle dissolution had a positive influence on peptide release. To determine the antiviral activity of VIR-576-loaded MSNs, TZM-bl indicator cells were exposed to HIV-1 and the infection rates were followed as a function of time and VIR-576 concentration. The inhibitory activity observed for VIR-576 released from the MSNs was virtually identical to that of free VIR-576 at the 48 h time point, indicating that (a) VIR-576 was released in an active form from the MSNs, and (b) the release rate in the presence of serum proteins was clearly higher than that observed under protein-free conditions. These observations are discussed based on competitive peptide/protein adsorption, as well as potential influences of serum proteins on the dissolution-reprecipitation of silica under conditions where the total silica concentration is above the saturation level for dissolved silica. Our results highlight the need for studying drug release kinetics in the presence of serum proteins, in order to allow for a better extrapolation of in vitro data to in vivo conditions. Furthermore, due to the high peptide loadings that can be achieved using MSNs as carriers, such a formulation appears promising for local release applications. For systemic administration, however, peptides with a higher potency would be needed, due to their high molar masses limiting the drug loading in terms of moles per gram carrier.
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1. Introduction


As the first isolation and commercialization of insulin, a 51 amino acid peptide in the early 1920s, an ever-increasing number of peptide-based drugs are being commercialized and in clinical testing. Peptide–protein interactions are key for many biological processes [1,2] and, while antibodies exhibit a higher specificity, peptides can reach sites within proteins that are not accessible for the larger antibodies. Peptides are also much cheaper to produce as compared to antibodies, which represents another clear advantage in terms of commercialization. Peptides showing, e.g., antimicrobial [3,4], anticancer [4], and antiviral [5] activity, have been reported, supporting the broad potential for therapeutic peptides. However, depending on the structural characteristics of the peptide, the blood half-life can be as short as minutes or hours [6] and the renal clearance kinetics from the body can also be high due to their small size. In combination with a suboptimal biodistribution, this leads to the need for high peptide doses, which compromises the benefits related to peptide drugs even in the case of peptides that show a high potency. One means for overcoming at least some of these limitations is to use a carrier system for the peptide that would shield it against enzymatic degradation until release. Furthermore, the biodistribution pattern and clearance kinetics could be influenced, as these are rather controlled by the carrier than by the peptide itself. However, carriers that can carry high peptide loadings are needed in order to minimize concentration-dependent carrier toxicity issues. An especially attractive peptide carrier particle platform is mesoporous silica nanoparticles (MSNs). Their high surface area and pore volume together with tunable mesopore diameters allow for peptide loadings as high as 20 wt % depending on the peptide, and several studies have demonstrated the suitability for enzyme and protein immobilization into MSNs, as recently reviewed [7,8], and MSNs even show promise for oral administration of macromolecular drugs [9,10]. We have recently shown that MSNs with pore sizes just slightly larger than the diameter of the peptide can efficiently shield the peptide against enzymatic degradation as long as the peptide remains inside the pore system of the carrier, as demonstrated for the antimicrobial peptide LL-37 [11]. These results are in full agreement with results obtained using larger proteins, like the enhanced green fluorescence protein, where Pepsin A-driven protein degradation was observed if the pore dimensions were clearly larger than those of the protein, while little or no protein degradation was observed in cases where the mesopore size was just slightly larger than the protein, as the protein was unable to unfold under these conditions [12]. As is the case for other antimicrobial peptides, LL-37 carries a positive charge under normal biological conditions, therefore exhibiting cellular membrane-disruptive properties. The surface charge of silica is negative under normal biological pH-neutral conditions, which makes the positively charged peptide adsorb relatively strongly to the silica through electrostatic interactions, but the pore size of the mesoporous silica here also plays an important role for the interaction. If the pore diameter is slightly larger than the diameter of the peptide, the peptide can interact with multiple sites on the silica surface in all directions, which increases the affinity of the peptide for the silica support. If the pore diameter is just some nanometers larger, the affinity of the cationic peptide for the silica surface is greatly decreased, highlighting the enthalpic rather than the entropic driving force for peptide adsorption in that case [13]. Using another antimicrobial peptide, NZX, a novel derivative of the fungal antimicrobial peptide plectasin, and which is more potent than LL-37, we could also show that mesoporous silica particles administered into the lung of mice were very efficient in treating tuberculosis [14]. Here, bacteria residing intracellularly also have to be reached, and as mesoporous silica nanoparticles are readily taken up by cells, the efficient therapy using this peptide-carrier system can be understood. However, other peptides are effective extracellularly, and in such cases, cellular uptake of the carriers could even be counterproductive. An example of such a peptide is VIR-576, which is a derivative of the endogenous virus inhibitory peptide (VIRIP), which is derived from α-antitrypsin and prevents HIV-1 entry [15]. The amino acid-sequence of VIR-576 is NH2-LEAIPCSIPPEFLFGKPFVF-LEAIPCSIPPEFLFGKPFVF-COOH, and it has a molar mass of 4483 g/mol and a pI value of 5.4, i.e., it is negatively charged under pH-neutral conditions. VIR-576 was safe and effective in a phase I/II clinical trial [12], and HIV-1 resistance to VIR-576 and other VIRIP-based inhibitors has a high genetic barrier and severe fitness costs [16]. The mechanism of action of VIR-576 is different from other HIV-1 inhibitors in that it binds to the hydrophobic gp41 fusion peptide and, thus, hinders its incorporation into the cellular membrane. Due to its distinct mode of action, VIR-576 remains active against HIV-1 strains that are resistant against other antiretroviral drugs [11]. In serum-free media, VIR-576 has a low IC50 value of 10–50 nM and is, thus, several orders of magnitude more potent than VIRIP itself. However, this peptide also suffers from the shortcomings discussed above, and high doses of up to 5 g of VIR-576 had to be administered by infusion in the human trial [17]. VIR-576 is a cyclic peptide with a cross-section of 2.8 nm, meaning that MSNs with pore diameters in the range of 3–4 nm would be ideal as carriers for VIR-576. Therefore, in this study, we investigated the suitability for mesoporous silica nanoparticles to serve as carriers for this anionic peptide. All experiments were carried out in vitro, and the study was designed to allow determination of the amount of VIR-576 released in active form from the mesoporous silica carriers as a function of time, mimicking local, extracellular delivery of VIR-576.




2. Results and Discussion


Monodisperse, mesoporous silica nanoparticles, MSNs, having a mean particle diameter of 170 nm, were synthesized according to literature procedures [18,19]. After calcination, the particles had a mesopore diameter of 3 nm, a BET surface area of 1069 m2/g, and a pore volume of 0.5 cm3/g (p/p0 < 0.8). A representative SEM image of the particles is shown in Figure 1a, and the nitrogen sorption isotherm is shown in Figure 1b.



VIR-576 was loaded into the MSN particles by adsorption from PBS buffer (pH = 7.2), at room temperature for 1 h, i.e., mild and fully peptide-compatible conditions, using a particle concentration of 5 mg/mL. The relatively high particle concentration was chosen as it is well above the solubility limit of silica under the studied conditions (about 120–130 ppm), and, thus, particle dissolution effects could be minimized. The adsorption isotherm is shown in Figure 2.



The adsorption follows Langmuir adsorption (linearized model, R2 = 0.999, K = 214.5 mL/mg, b = 0.0858, qm = 11.65%), suggesting a negligible contribution of peptide–peptide interactions. The steepness of the isotherm indicates a relatively strong interaction between the silica surface and VIR-576, although not as strong as observed previously for the cationic LL-37 peptide [11]. As the pI of VIR-576 is 5.40 and the isoelectric point, IEP, of silica is 2–3, both the peptide and the silica are negatively charged under the studied conditions. The zeta potential as measured in PBS buffer (pH = 7.2) was −13 mV, in agreement with the negative surface charge of silica under the studied conditions. This highlights the importance of hydrogen-bonding and non-electrostatic forces for the adsorption. Furthermore, a pronounced entropic driving force for adsorption cannot be excluded, as the increase in entropy due to the release of surface water upon adsorption of macromolecules is a common driver for the adsorption of macromolecules to solid surfaces from aqueous solution.



The release of VIR-576 into PBS (pH = 7.2) from MSNs having a VIR-576 loading degree of 11.5 wt % was studied as a function of time at room temperature using two different particle concentrations: 0.5 and 5 mg/mL MSNs. The results are shown in Figure 3.



As can be seen, the release of VIR-576 is slow but clearly depends on the particle concentration used in the experiments. Only about 1% of the adsorbed VIR-576 is released within 48 h at a particle concentration of 5 mg/mL, while more than 4% of the peptide is released within the same time when a particle concentration of 0.5 mg/mL is used (Figure 3). In both cases, the released amount is lower than the equilibrium concentrations calculated based on the adsorption isotherm. The results indicate that particle dissolution has a pronounced influence on the release of VIR-576 from the MSNs, as a higher extent of particle dissolution is expected at the lower particle concentration [20]. Furthermore, it cannot be excluded that silica dissolution-reprecipitation effects, leading to a partial mesopore blocking, especially in the case of the higher particle concentration, contribute to the results, as the silica concentration exceeds the maximum solubility of silica under the applied conditions (about 130 ppm at neutral pH and a temperature of 37 °C).



In order to shed some more light on the influence of particle dissolution kinetics on the VIR-576 release rate, and especially the influence of silica saturation on the dissolution and reprecipitation kinetics, particles were incubated in PBS (pH = 7.2) at a concentration of 0.1 g/L (100 ppm) and a temperature of 37 °C, i.e., below the saturation limit of amorphous silica, and at 5 g/L, i.e., well above the saturation limit of silica. At given time points, the concentration of silicon (Si) in the supernatant was determined by ICP-OES. The data are shown in Figure 4.



For the higher particle concentration, a super-saturation level is reached within the first hours, and equilibrium was not reached within several days. Such a solution concentration behavior is typical for silica at high concentrations. For the lower concentration, a steady increase in the solution concentration until a steady concentration of about 80 ppm was reached within the first 24 h. This corresponds to a virtually complete dissolution of the particles. The reason for not reaching 100 ppm is that the mesoporous silica particles are not in the form of fully condensed silica, SiO2, but contain an important fraction of Q3 and Q2 species, i.e., Si-centers that are not fully condensed. This is not considered in the calculation of the amount of dissolved silica based on the silicon concentration, for which a chemical composition of SiO2 was assumed. Thus, the silica dissolution curves give further support for the influence of silica dissolution and reprecipitation on the release kinetics of VIR-576 from the particles, discussed above.



In order to obtain information about the efficiency of the released VIR-576 in inhibiting HIV-1 infection, and about the concentrations of active VIR-576 released into 10% FCS from VIR-576-loaded MSNs, we used an in vitro HIV-1 infection model using TZM-bl cells. This cell line is highly susceptible to HIV infection and contains integrated copies of the luciferase and ß-galactosidase genes under control of the HIV-1 promoter, allowing convenient quantification of viral infection rates [21,22]. We first studied the concentration-dependent HIV infection inhibition of free VIR-576 as a function of pre-incubation time before adding the virus. The results are shown in Figure 5. A VIR-576 concentration of 6.2 μM was sufficient to virtually completely inhibit the infection if the pre-incubation time did not exceed 4 h. Effective inhibition of HIV infection was observed at a pre-incubation time of 24 h, and which was even more evident at 48 h, reflecting the serum instability of VIR-576.



The results obtained as a function of pre-incubation time for the free VIR-576 peptide and for the released VIR-576 from the MSNs are summarized in Figure 6. In good agreement with the release of VIR-576 into PBS, very limited virus inhibition was observed after a release time of 4 h. After a release time of 24 h, the HIV infection inhibition by the released VIR-576 was clearly increased but still remained low. After a release time of 48 h, the efficiencies of HIV-1 inhibition measured for the free peptide and for the released VIR-576 were very similar. This reflects the increased release of VIR-576 from the particles over time, as well as the decreased virus inhibition efficiency of the free peptide over time. Thus, the results indicate that the VIR-576 remains active after adsorption into and release from the MSNs. Data measured for empty MSNs are also included, showing that the particles themselves have little influence on the measured virus inhibition efficiencies. Furthermore, the cell viability was not affected by the presence of the MSNs under the studied conditions, and remained in the range of 100 ± 10% during the time frame studied (data not shown) excluding cytotoxicity-related effects. These result show that the release rate of VIR-576 from the MSNs is clearly higher in the presence of serum proteins, as release rates as those measured in the absence of proteins (Figure 3) would by far not allow it to reach levels sufficient to achieve the observed effective inhibition of HIV-1 infection.



The dissolution rate of mesoporous silica nanoparticles has been shown to be reduced in the presence of serum proteins [23]. Thus, the observed faster release of VIR-576 from the MSNs in FCS cannot be ascribed to a faster MSN degradation, although a faster release of VIR-576 was observed under more dilute conditions where silica degradation is important under protein-free conditions, as discussed above. We, therefore, assign the faster VIR-576 release observed in the presence of serum proteins to the influence of competitive adsorption of proteins to the silica surface, replacing the pre-adsorbed peptide. Such an effect is mechanistically similar to the Vroman effect [24], where less strongly bound proteins are replaced by more strongly binding but slow-diffusing larger proteins over time, giving rise to a very dynamic equilibrium at surfaces in contact with protein-containing media [25,26]. The VIR-576-particle interaction being mainly of non-electrostatic nature can be overcome by more strongly adsorbing proteins present in the FCS, and particle restructuring effects present, even if a net-dissolution of silica would not take place, can also open up the pore system of the particles, providing further access of serum proteins to the inner mesopore system of the particles over time. This conclusion is further supported by studies using binary mixtures of proteins having different pI values, and where the protein adsorption could be tuned by changing the pH of the solution so that one or the other protein showed a favorable electrostatic interaction with the silica surface [27]. On this note, it cannot be excluded that the presence of adsorbed proteins on the particle surface also influences the re-precipitation of silica, potentially leading to pore-blocking in the absence of proteins, as discussed above.




3. Experimental


3.1. Chemicals


Tetramethylorthosilicate (TMOS, purum, ≥98%, Fluka Analytical (Altmann Analytik Gmbh & Co. KG, München, Germany), cetyltrimethylammonium bromide (CTAB, ≥98%, Sigma-Aldrich, St. Louis, MO, USA), (3-aminopropyl)trimethoxysilane (APTS, 97%, Aldrich Chemistry, Merck KGaA, Darmstadt, Germany), methanol (MeOH, technical, VWR, Ulm, Germany), ethanol (EtOH, 99.5% denatured with 1% methyl ethyl ketone, VWR), sodium hydroxide (NaOH, ≥98%, Sigma Aldrich), carboxyethylsilanetriol sodium salt (25% in water, abcr GmbH, Karlsruhe, Germany), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (VWR), toluene (99%, Sigma-Aldrich), Dulbecco’s phosphate buffered saline (PBS, Life Technologies, Carlsbad, CA, USA), and Milli-Q water. All chemicals were used as received.




3.2. Nanoparticle Synthesis and Characterization


Mesoporous silica nanoparticles (MSN) were synthesized according to the procedure used by Rosenholm et al. [18] and which is a modification based on the synthesis described by Nakamura et al. [19]. In a typical synthesis, 1.19 g of tetramethoxysilane (TMOS) was mixed with APTS under inert atmosphere and added to an alkaline solution containing the structure-directing agent cetyltrimethyl ammonium chloride (CTAB). The resulting synthesis mixture had a molar ratio of 0.9 TMOS:0.1 APS:1.27 CTAB:0.26 NaOH:1439 MeOH:2560 H2O. The sol was stirred overnight at room temperature (25 °C), and thereafter aged for 8 h in static conditions. The precipitate was filtered off, washed with deionized water, and dried at 45 °C in vacuo for 72 h. The structure-directing agent was subsequently removed by ultrasonication in acidic (HCl) ethanol (about 0.12 w/w) three times. Particle size and morphology were characterized via scanning electron microscopy using a Hitachi S-5200 scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) operated at 20 kV. Nitrogen sorption isotherms were measured at −196 °C using a Quadrasorb-SI (Quantachrome Instruments, Boynton Beach, FL, USA), and the pore size distributions were calculated using an non-local density functional theory (NLDFT) equilibrium kernel developed for silica (Quantachrome). Samples were outgassed at 140 °C for a minimum of 8 h prior to measurements. The zeta potential was determined in 10−3 M KCl using a Malvern Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) at a particle concentration of 100 µg/mL.



Biodegradability was studied via dissolution experiments in PBS and DMEM3+ at 37 °C and a particle concentration of 0.1 g/L. After given time points, samples were taken from the test tube and particles were separated from the supernatant. The silicon concentration in the supernatant was measured by an inductively coupled plasma optical emission spectrometer (ICP-OES), an Ultima 2 inductively coupled plasma optical emission spectrometer (ICP-OES) from Horiba Jobin Yvon S.A.S. (Longjumeau, France).




3.3. Peptide Adsorption on MSN


Loading of VIR-576 was performed by incubating a dispersion of mesoporous silica nanoparticles (particle concentration 5 mg/mL) with 1 mM solution of VIR-576 in PBS (pH = 7.2). After an incubation time of one hour, the particles were separated from the solution by centrifugation and the peptide concentration was measured indirectly in the supernatant by virus inhibition tests.



Nitrogen sorption isotherms of peptide-loaded particles were measured at −196 °C using a Quadrasorb-SI (Quantachrome Instruments, Boynton Beach, FL, USA), and the pore size distributions were calculated using an NLDFT equilibrium kernel developed for silica (Quantachrome). Samples were outgassed at 25 °C for a minimum of 8 h prior to measurements. ATR-FTIR spectra of loaded and non-loaded mesoporous silica nanoparticles were recorded with a spectral resolution of 2 cm−1 using a Bruker Tensor 27 spectrometer equipped with a diamond crystal as the ATR element (PIKE Miracle™, PIKE Technologies, Madison, WI, USA).




3.4. Peptide Release from MSNs in the Absence of Cells


Peptide-loaded particles were prepared by incubating particles (5 mg/mL) with a peptide solution (1 mg/mL) in PBS, resulting in a peptide loading of 12.5 wt %. After one hour of adsorption, the loaded particles were separated from the solution by centrifugation and washed twice with PBS. Loading was measured by determining the peptide concentration in the supernatant and washing solutions through virus inhibition tests. After the loading procedure, the particles were redispersed (particle concentrations of 5 and 0.5 mg/mL) in the corresponding release media, either PBS or DMEM3+, and incubated at 37 °C. After 0.5, 1, 2, 4, 6, 24, 48, 72, and 168 h, samples of 2 mL were isolated, particles were separated, and concentrations of active peptide were determined indirectly by HIV-1 virus inhibition tests.




3.5. Cell Culture


The TZM-bl cell line was obtained through the NIH ARRRP and cultured in cell culture medium DMEM 3+ (DMEM medium supplemented with 120 μg/mL penicillin, 120 μg/mL streptomycin, 350 μg/mL glutamine, and 10% heat-inactivated fetal calf serum (FCS), Gibco, Life Technologies, Frederick, MD, USA) in an atmosphere of 5% CO2 at 37 °C. TZM-bl cells are derived from human cervical carcinoma cells (HeLa) stably transfected with CD4 and CCR5 and expressing endogenous levels of CXCR4. Luciferase and β-galactosidase genes are encoded under control of the HIV LTR-promoter [20].




3.6. HIV-1 Infection Assay


First, 10,000 TZM-bl cells were seeded in 96-well plates. The next day, MSN, loaded MSN, or peptides were added in serial dilutions to the cells. After incubation times between 0.5 and 72 h, cells were infected with HIV-1 NL4-3. Three days later, the infection of the cells was determined using a β-galactosidase assay. As luciferase and β-galactosidase genes are encoded under control of the HIV LTR-promoter, the expression of the HIV regulatory protein Tat triggers transcription of the lacZ gene under the control of the LTR promoter. The Tat-mediated, active lacZ gene transcription leads to β-galactosidase production, and cleavage of a provided substrate by β-galactosidase results in a luminescent product that can be detected by a luminometer.




3.7. CellTiter-Glo® Luminescent Cell Viability Assay


After a 3 day treatment of TZM-bl cells in 96-well plates, the media were removed, and 50 µL PBS and 50 µL CellTiterGlo solution were added. After 2 min of shaking and 10 min of incubation time, cell viability was measured with a luminometer. As a background control, three wells with 100 µL of cell culture medium were included. Fold-number of living cells could be determined by comparing these results to the levels of untreated control.





4. Summary and Outlook


Our results highlight the need for studying the release of bioactives from carrier particles under conditions more closely mimicking the in vivo situation, especially taking the influence of serum proteins on the release kinetics into account. In vitro release studies are often carried out in the absence of serum proteins for analytical reasons, but the use of an assay providing a quantitative, biological readout is an attractive alternative to lengthy and complicated quantitative peptidomics and proteomics analyses, where the peptide/protein concentration in the complex biofluid is determined. In terms of the specific therapeutic implications of the present study, it is shown that the peptide is not released from the particles at time-scales less than 24 h, which corresponds to the relevant time-scale within which long-circulating MSNs can passively accumulate to larger degrees in target organs or tumors, as recently reviewed [28]. It is also shown that both particle dissolution in combination with competing protein adsorption enhance the rate of peptide release. Variations in the silica condensation degree [23], as well as in the surface chemistry of the particles in order to modulate peptide and serum protein interactions with the MSNs, represent promising future possibilities for optimization of the kinetics of peptide release from the MSNs. Such optimized VIR-576-loaded MSNs will be examined, e.g., in humanized mouse models to further assess their potential for the therapy of HIV/AIDS.
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Figure 1. (a) SEM image of calcined mesoporous silica nanoparticles (MSNs) showing the narrow particle size distribution, and (b) the nitrogen sorption isotherm measured at 77 K for the same particles. The inset in Figure 1b shows the pore size distribution plot. 
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Figure 2. Adsorption isotherm of VIR-576 adsorbed onto MSNs from PBS (pH = 7.2). Particle concentration: 5 mg/mL, temperature = 25 °C, and incubation time = 1 h. 
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Figure 3. Release of VIR-576 into PBS buffer from MSNs having an initial VIR-576 loading of 11.5 wt % as a function of particle concentration. T = 25 °C. Error = ±0.2%-units. 
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Figure 4. Left: Silicon concentrations measured by ICP-OES as a function of incubation time in PBS (pH = 7.2) at 37 °C. Orange dots: 5 mg particles/mL, blue dots: 0.1 mg particles/mL. Right: Zoom highlighting the early stages of dissolution. The lines are guides for the eye. 
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Figure 5. Concentration-dependent VIR-576-induced inhibition of HIV-1 infection in TZM-bl cells in vitro as a function of pre-incubation time in 10% fetal calf serum (FCS) before addition of the HIV-1 virus. Error smaller than the size of the data points. 
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Figure 6. VIR-576-concentration-dependent HIV-1 NL4-3 infectivity inhibition as a function of pre-incubation time in 10% FCS for free peptide, and peptide released from MSNs. Color coding as indicated in the figures. See experimental for details. 
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