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Abstract: The limited aqueous solubility of many active pharmaceutical ingredients (APIs) is
responsible for their poor performance and low drug levels in blood and at target sites. Various
approaches have been adopted to tackle this issue. Most recently, mesoporous silica nanoparticles
(MSN) have gained attention of pharmaceutical scientists for bio-imaging, bio-sensing, gene delivery,
drug solubility enhancement, and controlled and targeted drug release. Here, we have successfully
incorporated the poorly water soluble antiviral drug velpatasvir (VLP) in MSN. These spherical
particles were 186 nm in diameter with polydispersity index of 0.244. Blank MSN have specific
surface area and pore diameter of 602.5 ± 0.7 m2/g and 5.9 nm, respectively, which reduced after
successful incorporation of drug. Drug was in amorphous form in synthesized VLP-loaded silica
particles (VLP-MSN) with no significant interaction with carrier. Pure VLP showed poor dissolution
with progressive increment in pH of dissolution media which could limit its availability in systemic
circulation after oral administration. After VLP loading in silica carriers, drug released rapidly over a
wide range of pH values, i.e., 1.2 to 6.8, thus indicating an improvement in the solubility profile of VLP.
These particles were biocompatible, with an LD50 of 448 µg/mL, and in-vivo pharmacokinetic results
demonstrated that VLP-MSN significantly enhanced the bioavailability as compared to pure drug.
The above results clearly demonstrate satisfactory in-vitro performance, biocompatibility, non-toxicity
and in-vivo bioavailability enhancement with VLP-MSN.

Keywords: velpatasvir; solubility; bioavailability; mesoporous silica nanoparticles

Pharmaceutics 2020, 12, 307; doi:10.3390/pharmaceutics12040307 www.mdpi.com/journal/pharmaceutics

http://www.mdpi.com/journal/pharmaceutics
http://www.mdpi.com
https://orcid.org/0000-0002-8200-0180
https://orcid.org/0000-0002-0974-2954
https://orcid.org/0000-0001-7866-9474
https://orcid.org/0000-0001-8989-9945
https://orcid.org/0000-0003-3271-2806
http://www.mdpi.com/1999-4923/12/4/307?type=check_update&version=1
http://dx.doi.org/10.3390/pharmaceutics12040307
http://www.mdpi.com/journal/pharmaceutics


Pharmaceutics 2020, 12, 307 2 of 18

1. Introduction

In the modern era approximately 40% of marketed oral drugs are deemed practically insoluble
or poorly soluble [1]. Poorly soluble drugs cause many issues which include dose escalation,
low bioavailability, and poor in-vitro and in-vivo drug performance [2]. To curtail this issue,
scientists have adopted various approaches, for example micronization, complexation, lipid-based
formulations, co-solvents, salt formation, solid dispersions, nano-formulations and many more [3,4].
Among the above-mentioned techniques, nanocarriers, which include drug nanocrystals [5–7],
nanoemulsions [8–10], polymeric micelles [11,12], nanoparticles [13,14], nanotubes [13], and silica-based
nanocarriers [15] are widely investigated by scientists.

In the recent past, scientists have shown keen interest in mesoporous silica nanoparticles
(MSNs), since they possess attractive features such as biocompatibility, non-toxicity, effective cellular
uptake, possibility for drug loading and manageable drug discharge [16,17]. These favourable
features make MSNs promising contenders for numerous applications, including drug delivery [3,18],
theranostic [19,20], biocatalysis [21,22] and tissue engineering [23,24]. Likewise, one of the primary
benefits of these materials is the observed improvement in oral bioavailability of low water soluble
medicines [25]. In MSNs, particle morphology [26], pore size [27–31], surface area [32], particle size,
surface coating [33,34], loading method [35–38] and drug/excipient ratio are the key features which
control drug dissolution.

One of the main features needed to move forward with MSN utilization in medicine and
pharmaceuticals would be learning how to control MSN pore size. MSNs can only loads into their
pores molecules whose molecular dimensions are less than the pore diameter (<10 nm) [39]. Therefore,
it is very important to consider the pore size of MSNs and molecular dimensions while choosing a
drug for encapsulation.

Velpatasvir (VLP) is a direct-acting antiviral agent (DAA) against hepatitis C virus (HCV) [40].
VLP is a novel HCV NS5A inhibitor with potent antiviral activity against genotype 1 to 6 replicons.
VLP is defined as a Biopharmaceutical Classification System (BCS) class IV drug, with low aqueous
solubility and low permeability. It is soluble at pH 1.2, sparingly soluble at pH 2, and practically
insoluble at pH > 5 [40,41]. This behaviour of the drug is responsible for its poor bioavailability as it is
reported that in a fasting state, the pH of the stomach lies between 1.3 to 2.5 and raises to 4.5 to 5.8
within an hour after eating [42]. Furthermore, even a glass of water can also immediately raise the
intragastric pH > 4 [43]. Therefore, there is a need to develop effective methods to enhance the solubility,
permeability and bioavailability of VLP. In order to resolve the aforementioned questions, we have
designed VLP-loaded mesoporous nanoparticles for the very first time and extensively characterized
them by various in-vitro and in-vivo techniques.

2. Materials and Methods

2.1. Materials

Cetyltrimethyl-ammonium bromide (CTAB, 99.0%) as surfactant and the alkoxide precursor
tetraethyl orthosilicate (TEOS, 99.0%) were purchased from Dae-Jung Chemicals (Siheung-si, Korea).
VLP was generously donated by Ameer & Adnan Pharmaceutical Pvt. Ltd. (Lahore, Pakistan).
Acetonitrile (≥98%) was also purchased from Dae-Jung Chemicals (Siheung-si, Korea). The rest of the
chemicals used in this research were of analytical grade and used as such.

2.2. Methods

2.2.1. Preparation of VLP-MSNs

MSNs were fabricated by following a sol-gel method in an oil/water phase, as reported by [44,45]
with a few minor changes. The sol-gel was prepared by dissolving 500 mg of CTAB in mixture of
water and acetonitrile (1:1) at 35 ◦C and pH was adjusted to 9.0 with 0.5 M KOH. The solution was



Pharmaceutics 2020, 12, 307 3 of 18

constantly stirred at 1500 rpm and a nitrogen flow was maintained throughout the reaction. When
a clear solution was obtained, a defined quantity of TEOS (5 mL) was added drop by drop to the
resultant solution. After a few minutes, the solution turned opaque, indicating the start of the reaction
and a gel was formed. The white gel was filtered using a 0.1 µm filter (Sartorius, Goettingen, Germany)
under nitrogen pressure and the gel washed with deionized water. The gel was converted into a fine
powder and then dried overnight at room temperature. To completely remove the surfactant, the
powder was calcined at 500 ◦C for 6 h and named as MSN.

VLP was loaded in nanocarriers by adsorption, which includes stirring and soaking as reported
previously [46]. Concentrated solution (1 mg/mL) of VLP was obtained in methanol. Afterwards,
MSNs were mixed with VLP in a drug-silica ratio of 1:1 (w/w). This mixture was stirred continuously
for three hours and later kept soaked for three days. Thereafter, particles were filtered by using a
membrane filter (0.1 µm), and washed thrice with 100 mL of methanol to remove any surface-adhered
VLP. Samples were dried overnight at room temperature and then further dried at 50 ◦C under vacuum.
These loaded particles were designated as VLP-MSN.

2.2.2. Drug Loading and Entrapment Efficiency

To determine the VLP-MSN contents, 100 mg of particles were stirred in 100 mL of methanol for
one hour. Extracted VLP was quantified by calculating area under the curve using a LC 20A RP-HPLC
system consisting of a 1000 pump and 2500 UV-VIS detector (Shimadzu, KS, USA) and an Agela C18
column (250×4.6 mm, 5 µm)) with detection at 270 nm. The mobile phase was composed of ammonium
acetate buffer, methanol and acetonitrile in the ratio of 20:40:40 (v/v) and its flow was maintained at 1
mL/min. Each time 20 µL of analyte was injected and obtained peaks were compared with the standard
(n = 3). Drug loading and efficiency was calculated as follows:

Loading capacity =
Entrapped Drug

Total weight of nanoparticles × 100

Entrapment efficiency (%) =
Drugadded−Freedrug

Drugadded × 100

2.2.3. Scanning Electron Microscopy (SEM)

Shape and surface morphology of blank and drug loaded MSN were investigated by SEM (VEGA3
TESCAN, Brno – kohoutovice, Czech Republic) after gold coating [34,47].

2.2.4. Dynamic Light Scattering (DLS)

Particle size and zeta potential of MSN was measured at 25 ◦C using water as dispersant [48]
employing a Zetasizer Nano ZS instrument (Malvern Panalytical Ltd, Malvern, UK).

2.2.5. Transmission Electron Microscopy (TEM)

TEM images were obtained on a JEM 2100F analytical electron microscope (JEOL, Tokyo, Japan)
having a field emission electron gun operating at 200 kV.

2.2.6. Nitrogen-Adsorption/Desorption

Specific surface area (BSSA), pore volume and size of blank and VLP loaded MSN were calculated
by N2 adsorption/desorption analysis (Gemini VII 2390 surface area analyzer, Micromeritics, Norcross,
USA) operating at −196.15 ◦C. Both samples were degassed at 200 ◦C for 24 h prior to analysis.
Barrett-Joyner-Halenda (BJH) model was applied to determine pore size and pore volume distribution
from desorption isotherm. The BSSA was calculated through Brunauer-Emmett-Teller (BET) using
adsorption data at relative pressure (p/p◦) [47].
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2.2.7. Fourier Transform Infra-Red Spectroscopy (FTIR)

FTIR spectra of VLP, blank and drug-loaded MSN were obtained by using a Nicolet IS7ATR-FTIR
spectrometer FTIR spectrometer (Thermo Scientific, Waltham, MA, USA). FTIR spectra were obtained
over the spectral range of 500–4000 cm−1 and at a 2 cm−1 resolution [49].

2.2.8. Powder X-ray Diffraction (XRD)

To investigate the influence of processing parameters on VLP loading, X-ray diffraction patterns
of VLP and silica particles were obtained using an X-Ray diffractometer (X’pert PRO, PANalytical,
Almelo, Netherlands) using a Cu Kα radiation source which operates at 30 mA and 30 kV. All data
were recorded from 2θ angle of 5◦ to 40◦ at a step size of 0.02◦ and scanning speed of 4◦/min [47,48].

2.2.9. Thermal Analysis

DSC and TGA analysis of the VLP, blank and drug loaded MSN were carried out in a Q1000
system (TA Instruments, New Castle, DE, USA) using a heating rate of 10 ◦C/min under a nitrogen
purge of 40 mL/min [34,47].

2.2.10. In-Vitro Dissolution

In-vitro dissolution was used to investigate release profile of VLP loaded MSN. Conditions were
maintained as described in food and drug administration (FDA) i.e., 75 ± 1 rpm and 37 ◦C VLP-MSN
equivalent to 100 mg VLP was exposed to two different dissolution medium with pH 1.2 and 6.8 in USP
type II apparatus (Model- DT 120, Cure Apparatus, Lahore, Pakistan) for 180 min. At predetermined
time intervals, samples were withdrawn from dissolution medium and same volume was replaced.
Concentration of VLP was calculated from previously constructed calibration curve [34].

2.2.11. Viability of Cells

The viability of cells were investigated by using 3-[4,5-dimethylthialzol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT, Sigma, St Louis, MO, USA) assay. Here, HEP G2 cells were seeded in 96-well plates at a
density of 1 × 104 per well in 100 µL of media and grown overnight. The cells were incubated with VLP
loaded MSN for 24 h. The absorbance was measured at 570 nm by multi-detection microplate reader
(SynergyTM HT, BioTek Instruments Inc, Winooski, VT, USA). We carried out experiments in triplicate
and results were expressed as a percentage of viable cells in treated and the control group [50].

2.2.12. Toxicological Evaluation

In order to gain insight into in-vivo toxicity profile of our formulation, fifteen male Sprague-Dawley
rats (200–210 g weight, age 6–8 weeks) were obtained from the in-house animal facility. These animals
were kept in standard laboratory conditions i.e., in open-mesh stainless steel cages with radiation
sterilized paddy husk for bedding and were housed at 12-h artificial light/dark cycles, 25 ◦C ± 1 ◦C
and 60 ± 10% humidity. Before experimentation, animals were acclimatized in these condition for
one week with free accesses to food and water ad libitum. After one week, rats were divided into
three groups of five rats each. Firsts group was control and did not received any treatment. Second
group of rats received VLP (1.4 mg/kg) and third group received VLP-MSN (VLP-MSN equivalent
to 1.4 mg of VLP) admixed with food at the start of the experiment. These animals were regularly
checked for behavioural and weight changes at day 1, 5, 10 and 14. We strictly followed Organization
of Economic Co-operation and Development (OECD) guidelines and all of experimental protocols were
by the institutional Ethical Review Committee (ERC) of Government College University Faisalabad,
Faisalabad Pakistan (Reference Number: GCUF/ERC/2041, Dated 05/07/2019).

We assessed various biochemical, haematological, and histological parameters to evaluate toxicity
profile in rats. For biochemical and haematological assessment, blood samples were collected in
EDTA tubes on 14th day of experiment by cardiac puncture and later used for analysis. Animals
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were sacrificed at end of study and vital organs such as heart, lung, liver, and kidneys were isolated
and fixed with 10% neutral buffered formalin, and later on histological analysis was performed after
hematoxylin and eosin staining.

2.2.13. Pharmacokinetic Study

Pharmacokinetic studies were performed for pure VLP and VLP loaded mesoporous silica in
Sprague- Dawley rats. These animals weighed more than 200 g and were kept in cages under controlled
conditions (n = 6) with free access to water and feed. They were kept under fasting conditions before
the experiments. Pure VLP (1.4 mg/Kg) and VLP-MSN (VLP-MSN equivalent to 1.4 mg of VLP) were
given orally to rats and later blood samples (300 µL) were taken in heparinised tubes after a specific
time interval via the femoral artery. Plasma was separated by centrifugation (4000 rpm, 15 min)
and stored in Eppendorf tubes at −20 ◦C. Drug was extracted by liquid-liquid extraction. 100 µL
of plasma was spiked with 10 µL of internal standard (tramadol HCl, 10 µg/mL) and diluted with
890 µL acetonitrile. Mixture was vortexed for 5 min and then centrifuged at 4000 rpm for 15 min to
separate the supernatant organic solvent. The separated layer was dried in an oven. Afterwards,
the dried residue was reconstituted with 100 µL of mobile phase (methanol, phosphoric acid buffer
and acetonitrile (40: 20:40 v/v)), vortexed and injected (20 µL) into the RP-HPLC system at a flow
rate of 1 mL/min using a Promosil C18 column (4.6 × 250 mm, 5 µm). Pharmacokinetic parameters
were determined by using PK solver software. Pharmacokinetic study was approved by the Ethics
Committee, Government college university Faisalabad, Pakistan (Study No: 19641).

3. Results and Discussion

Here we developed MSN particles by sol-gel process as reported previously [45]. This method
gave us a good yield (96%) of silica particles that were loaded with VLP (encapsulation efficiency
27%, 0.275 mg of VLP is loaded per mg of particles). Later on these particles were subjected to further
in-vitro and in-vivo characterization.

3.1. Microscopic Analysis

To verify the ordered mesoporous structure of MSN, TEM was employed. The TEM images
indicated a porous structure and ordered 2D hexagonal structure was later confirmed by specific
XRD peaks. Chaing et al. prepared MSN particles in aqueous media and reported an influence of
silica source, pH and reaction time on their structure and size. They obtained uniform size particles
with an ordered structure at high pH (12 or 13) and non-ordered at low pH 9.5 [51], but we obtained
ordered particles at pH 9, which could be possibly due to change of solvent which in our case was
water:acetronitrile in equal ratio under basic conditions.

Similar results were reported in another study where ordered silica particles were obtained at pH
10 [52]. The morphology of VLP-MSN particles was analysed by SEM and TEM. SEM images showed
the VLP-MSNs were spherical in shape and uniform in size as shown in Figure 1a and later confirmed
by DLS results (Figure 1b).
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Figure 1. SEM (a), particle size distribution (b) of VLP-MSN and TEM (c) images of MSN respectively.

3.2. Dynamic Light Scattering

We employed DLS to determine particle size, size distribution and zeta potential of the VLP-MSNs
as explained by Powers et al. [53]. The average particle size, PDI and zeta potential of the VLP-MSNs
was 186 nm, 0.244 (Figure 1b) and -8.39 mV, respectively. Low PDI of drug-loaded particles indicated a
uniform size [54] and further substantiates our SEM results as mentioned in the section above.

Zeta potential also helps to predict surface charge, stability and possible cellular interaction of
VLP loaded particles [55]. Nanocarriers with cationic charge react readily with cellular membranes
as compared to ones with negative charge [56]. Furthermore, charges on the particles prevent their
aggregation and hence enhances their stability [57]. Thus optimum size, PDI and charge make
VLP-MSN suitable for drug delivery with minimum toxicity to biological membranes.

3.3. Nitrogen Adsorption/Desorption Studies

The nitrogen adsorption desorption method was employed to determine BSSA, pore volume and
pore size distribution of the MSNs and VLP-MSNs. BSSA, pore volume and pore size of the MSNs
before drug loading was 602.5 ± 0.7 m2/g, 0.946 ± 0.045 cm3/g and 5.9 ± 0.3 nm respectively.

The data exhibited type IV isotherms (Figure 2) which are associated with mesoporous materials as
per the IUPAC classification of porous materials. The hysteresis loops (two branches of the isotherms)
obtained at relative pressures of 0.6 to 0.8 are almost vertical and nearly parallel during nitrogen gas
uptake, and thus are referred to as H1 hysteresis loops employing regular mesoporous channels [45,52].
These parameters indicates mesoporous nature of particles as explained by [45,58,59]. Furthermore,
this high BSSA and pore volume indicates its potential to host drug molecules for various drug
delivery application.



Pharmaceutics 2020, 12, 307 7 of 18
Pharmaceutics 2020, 12, x FOR PEER REVIEW 7 of 18 

 

 
Figure 2. N2 adsorption-desorption isotherms of MSN and VLP-MSN. Inset picture shows pore 
diameter of MSN and VLP-MSN. 

After loading of antiviral drug BSSA, pore volume and pore size were reduced to 583.2 ± 4.8 m2/g, 
0.893 ± 0.029 and 5 ± 0.2 nm, respectively, as shown in Figure 2. This decrease was attributed to 
loading of VLP in pores. Many other studies support our findings, for example Zhang et al. loaded 
telmisartan in silica based nanoparticles and observed reduction in pore size and BSSA [34]. 

3.4. Fourier-transform Infrared Spectroscopy  

FTIR studies not only provide information about different chemical groups but also about 
possible drug-carrier interactions. Figure 3 shows the FTIR spectra of VLP, MSNs and VLP-MSNs. 
MSNs showed absorption bands of the silicate at 797.97, 1053.78, 1636.88, 3396.49 cm−1. In the MSN 
case, a peak at 797.97 cm−1 indicated the absorption bands of the silicate and a peak at 1053.78 cm−1 

showed the Si–O–Si bending [60,61]. A broader peak at 3396.49 cm−1 indicated silanol (Si–OH) 
symmetric stretching [62] and bending vibrations at 1636 cm−1 [45]. VLP showed main peaks at 
1236.23, 1424.06, 1508.11, 1636.33, 1696.03, and 2961.38 cm−1. Peaks at 2961.38 and 1508.11 cm−1 
indicated stretching vibration due to C–H band and C=C–C aromatic ring stretching, respectively. 
Similarly, characteristic peak at 1636.33 cm−1 depicted N–H bending vibration. Furthermore, peaks at 
1424.06 and 1696.03 cm−1 correspond to the C–H asymmetric stretching and C=C stretching, 
respectively.  

FTIR spectrum of MSM-VLPs showed a characteristic peak of Si–O–Si bending at 1053 cm−1 as 
revealed by the MSN spectrum. Similarly, MSM-VLPs showed characteristic peaks at 1637.20, 
1507.89 and 1438.09 cm−1 due to N–H bending vibrations, C=C–C aromatic ring stretching and C–H 
asymmetric stretching, respectively, which indicated the presence of drug in the formed VLP-MSNs 
without any prominent interactions. 

 

Figure 2. N2 adsorption-desorption isotherms of MSN and VLP-MSN. Inset picture shows pore
diameter of MSN and VLP-MSN.

After loading of antiviral drug BSSA, pore volume and pore size were reduced to 583.2 ± 4.8 m2/g,
0.893 ± 0.029 and 5 ± 0.2 nm, respectively, as shown in Figure 2. This decrease was attributed to loading
of VLP in pores. Many other studies support our findings, for example Zhang et al. loaded telmisartan
in silica based nanoparticles and observed reduction in pore size and BSSA [34].

3.4. Fourier-Transform Infrared Spectroscopy

FTIR studies not only provide information about different chemical groups but also about possible
drug-carrier interactions. Figure 3 shows the FTIR spectra of VLP, MSNs and VLP-MSNs. MSNs
showed absorption bands of the silicate at 797.97, 1053.78, 1636.88, 3396.49 cm−1. In the MSN case,
a peak at 797.97 cm−1 indicated the absorption bands of the silicate and a peak at 1053.78 cm−1 showed
the Si–O–Si bending [60,61]. A broader peak at 3396.49 cm−1 indicated silanol (Si–OH) symmetric
stretching [62] and bending vibrations at 1636 cm−1 [45]. VLP showed main peaks at 1236.23, 1424.06,
1508.11, 1636.33, 1696.03, and 2961.38 cm−1. Peaks at 2961.38 and 1508.11 cm−1 indicated stretching
vibration due to C–H band and C=C–C aromatic ring stretching, respectively. Similarly, characteristic
peak at 1636.33 cm−1 depicted N–H bending vibration. Furthermore, peaks at 1424.06 and 1696.03 cm−1

correspond to the C–H asymmetric stretching and C=C stretching, respectively.
FTIR spectrum of MSM-VLPs showed a characteristic peak of Si–O–Si bending at 1053 cm−1

as revealed by the MSN spectrum. Similarly, MSM-VLPs showed characteristic peaks at 1637.20,
1507.89 and 1438.09 cm−1 due to N–H bending vibrations, C=C–C aromatic ring stretching and C–H
asymmetric stretching, respectively, which indicated the presence of drug in the formed VLP-MSNs
without any prominent interactions.
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3.5. X-ray Powder Diffraction

XRD analysis was used to investigate crystalline and amorphous state of the drug in blank and
VLP-MSNs [63] and are shown in Figure 4. Pure VLP showed sharp diffraction peaks indicating its
crystalline nature. We observed six distinct peaks for drug at 6.0◦, 8.0◦, 10.0◦, 12.0◦, 21.0◦and 31.0o.
Furthermore, in pure silica nanoparticles we observed distinct peaks which are possible indication of
ordered 2D hexagonal mesoporous structure and two broad diffusion peaks recorded around 10o and
23o gives indication of their amorphous nature as mentioned in the literature [45,51,64].

In VLP-MSNs we observed a dramatic reduction in the characteristic peaks of VLP which could
possibly be due to ionic interactions between silanol group of silica and the amine groups of VLP
molecules thus leading to disordering of the crystalline structure when encapsulated in the MSN pores.
Zhang et al. entrapped telmisartan in silica nanoparticles and reported a change of the crystalline drug
to an amorphous form due to interactions between silica silanol groups and the carboxyl groups of the
drug [34].
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3.6. Thermogravimetric Analysis

Figure 5 shows TGA thermograms of VLP, MSNs and VLP-MSNs. MSNs show a 7% weight loss
from 100 to 94 ◦C, corresponding to a water loss with increase in temperature. Further decrease in
weight starts at this temperature and continues till complete degradation of formulation.
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The TGA thermogram of VLP shows an initial 6% degradation which lasts up to 100 ◦C, followed
by a 4% weight loss which occurs in the range of 100–350 ◦C indicating dehydration and deamination
of the drug, respectively. Final degradation starts at 350 ◦C and lasts up to the complete degradation
of the drug. From the VLP-MSN thermogram, it is seen that an initial weight loss of 15% falls in the
temperature range of 0–78 ◦C revealing the initial dehydration of polymer chains. However, with
increasing temperature up to 300oC, no further decomposition was found in VLP-MSNs.

3.7. Differential Scanning Calorimetry

A DSC study was conducted to investigate VLP entrapment in the pores of the MSN particles.
The presence or absence of crystalline drug was also confirmed by DSC analysis. When in its crystalline
form in the pores, the amount of drug can be distinguished and estimated from the melting point
depression using DSC. If the drug in the pores is in a non-crystalline state, no melting point depression
can be detected [65,66]. As shown in Figure 6, the DSC curve of MSN exhibited an endothermic phase
transition at 53 ◦C which corresponds to its glass transition temperature (Tg) where the amorphous
sample went through a transition to a rubbery state as reported in the literature for porous silica
nanoparticles [64].

The DSC curve for VLP reveals an endothermic peak at 30 ◦C which may be attributed to
dehydration while an endothermic peak at about 75 ◦C reveals its melting point. In VLP-MSNs,
no endothermic peak was observed at 75 ◦C, indicating the non-crystalline state of the velpatasvir.
However, a weak and broad endothermic peak appears at 90 ◦C in VLP-MSNs which indicates a
non-crystalline state of the drug entrapped in the MSNs. The melting peak depression of the VLP-MSNs
may be attributed to the partial interaction of drug with the surface of the mesoporous nanoparticles
which are rich in silica groups, causing partial amorphization of the VLP drug [67]. DSC results further
confirms our XRD results. Similarly, the glass transition temperature for VLP-MSNs is slightly shifted
to higher values as compared to pure MSNs, which is possibly due to the inclusion of VLP in the
porous structure. Thus, DSC and TGA also provided evidence of complete inclusion of the drug into
MSNs [68].
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3.8. In-Vitro Release Studies

We compared the dissolution profiles of pure drug in various buffer solutions. Pure VLP showed
a pH dependent release, where it showed good dissolution up to pH of 2, after which it decreased
drastically as shown in Figure 7. This could possibly be due to the low solubility of VLP at higher pH
values [40,41,69–71].

Our developed formulation, i.e., VLP-MSN, released 53% (at pH 1.2, it showed no significant
difference from VLP) and 56% (at pH 6.8) of the drug during the first five minutes and more than
90% within 45 min. Thus, in drug release medium of pH 6.8, MSN acts as a carrier and boosts
the dissolution profile of VLP as shown in Figure 8. This dissolution enhancement is attributed to
different factors such as: (a) presence of drug in amorphous form due to its interaction with the carrier,
(b) presence of drug in confined channels reduces the drug particle size to nanometer range, suppresses
the crystallization of VLP and makes the VLP more soluble, (c) lastly the large surface area and pore
size facilitates the diffusion of the drug [65,67,72,73]. Thus, these multiple factors contribute to enhance
the dissolution rate of the entrapped drug. As our particles lead to solubility enhancement at higher
pH these developed VLP-MSNs could overcome the pH-dependent bioavailability issues related with
oral administration of VLP.
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3.9. Cytotoxicity Assay

Drug carriers intended to be used in human must be non-toxic, biocompatible [74] and stable in
living systems [75]. To determine the toxicity profile of the drug-loaded carriers, a human liver cell line
(HEPG2, ATCC® HB 8065TM) was incubated for 24 h with various concentrations of VLP-MSNs, i.e., 50,
100, 150, 200 and 400 µg/mL. After the incubation period, 10 µL of MTT reagent was added to each
well and further incubated for 2 h. After this incubation time plates were read by using a bioreader at
570 nm. Our results confirmed the cytocompatibility of the drug-loaded particles. VLP-MSNs showed
minimum cytotoxicity until 100 µg/mL, as shown in Figure 9. The LD50 of the particles was found
to be 448 µg/mL. It is apparent that the viability of the exposed cell line decreased proportionally
with the increased concentration of VLP-MSN, which indicated their dose-dependent behaviour. This
behaviour is possibly due to exposure to higher concentrations of drug-loaded particles and direct
physical contact with the cell line monolayer [45,76]. We also compared the cytotoxicity of VLP at two
concentrations, namely 200 µg/mL and 400 µg/mL. The results revealed that VLP was well tolerated by
the cells with more than 85% cell survival at 200 µg/mL concentration and about 55% at 400 µg/mL.
Since the actual loading of VLP in MSN is far less than 200 µg/mL, therefore, it can be envisaged that
the cytotoxicity of VLP is negligible, while MSNs were slightly cytotoxic yet compatible with the cells.
Thus our finding further confirmed previously reported findings about the biocompatibility of silica
particles [45,75,77,78].
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3.10. Toxicological Evaluation

We measured various hematological (RBCs, WBCs, platelets etc.), biochemical (LFTs, RFTs, lipid
profile test) parameters and body weight changes for the control and tested group before and after
administration of VLP and VLP-MSNs as shown in Tables S1, S2, S3 and S4. We did not observe any
significant variation in these parameters in the control and treated groups as their values remained
within acceptable ranges.

Thus, it can be concluded that all vital organs of rats in each group remained healthy with no
inflammatory response and hence, VLP and VLP-MSNs are non-toxic at the administered doses.
Furthermore, all the rats remained healthy and active with only slight variations in their body weight.
Additionally, histopathological images revealed no changes in vital organs namely, heart, kidney,
lungs, liver in the control and treated groups (Figure 10), thus further confirming the safety of the
administered formulation.
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Figure 10. Histopathological evaluation of various vital organs i.e., heart, kidney, lung and liver of rats
(At 40× objective lens in Accu-Scope 3001 Trinocular microscope fitted with a 5 megapixel camera) in
control and after oral administration of VLP-MSN and VLP. CV = Central vein of liver, A = Alveolar
sacs and B = bronchiole in lung, G = Glomerulus in kidney, C = Cardiomyocytes of heart.

3.11. In-Vivo Pharmacokinetic

In-vivo disposition of VLP-MSN and VLP was assessed in Sprague-Dawley rats. We determined
different pharmacokinetic parameters (Cmax (ng/mL), tmax (Hrs), t1/2 (Hrs), AUC (0–t) (ng/mL·h) and
λz (l/h)) after oral administration of pure drug and drug-loaded particles. These parameters were
calculated from the plasma of albino rats using non-compartmental pharmacokinetic analysis (Table 1).

Cmax of VLP and VLP-MSN was 16.44 ± 0.48 and 31.84 ± 0.054 ng/mL, respectively, indicating
approximately a two-fold increase in the bioavailability of the drug. Similarly, the AUC 0-t (ng/mL·h)
for VLP and VLP-MSNs was 214.41 ± 1.73 and 400.50 ± 4.49, which reflects an approximately two-fold
increase of the area under the curve (Figure 11). This shows that the silica particles have facilitated
the dissolution of the drug in gastrointestinal (GIT) fluid and its permeability across the lumen of
rats. Similar results were observed by Zhang et al. who reported a bioavailability enhancement of
the poorly water soluble drug telmisartan using mesoporous silica nanoparticles [73]. Likewise in
another study the authors reported a bioavailability enhancement of apigenin after development of
solid dispersions of mesoporous silica nanoparticles. Apigenin-MSN solid dispersion showed an area
under the curve which was 8.32 times higher compared to pure apigenin.

If we observe other parameters i.e., Tmax also decreased (2 to 1 h), elimination half-life (t 1
2 ) for

VLP-MSN decreased slightly (from 10.76 ± 0.155 to 9.20 ± 0.52 h), and the terminal elimination rate
constant (λz) increased slightly (0.074 ± 0.12 to 0.079 ± 0.00041 l/h). These parameters also indicate the
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rapid dissolution, absorption, distribution and elimination of the drug from VLP-MSNs thus enhancing
the bioavailability. Zhang et al. developed telmisartan tablets based on mesoporous micro- (MSM) and
nanoparticles (MSN) and observed a decrease in Tmax for MSN-based tablets (0.96 h) as compared to
MSM (1.42 h) and commercial (1 h) tablets, which indicates a rapid absorption from the GIT of beagle
dogs [73].
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Mean residence time for VLP incorporated in the formulation decreased (Table 1), which can be
correlated to the in-vivo behaviour of MSN particles. It is reported that intact spherical MSNs are mainly
accumulated in the liver after oral administration and slowly decomposed in the kidneys [79–81].

Table 1. Pharmacokinetic parameters of VLP and VLP-MSNs after single dose oral administration
to rats.

Parameter VLP VLP-MSN

t1/2(h) 10.76 ± 0.155 9.20 ± 0.52
AUC 0-t (ng/mL*h) 214.41 ± 1.73 400.50 ± 4.49

Tmax (h) 2 1
Cmax (ng/mL) 16.44 ± 0.48 31.84 ± 0.054

AUC 0-inf (ng/mL*h) 240.61 ± 2.39 428.50 ± 4.53
λz (l/h) 0.074 ± 0.001 0.079 ± 0.00041

MRT 0-inf_obs (h) 15.87 ± 0.12 12.98 ± 0.051

These results indicate a rapid release of the drug from VLP-MSNs which ultimately improves
the bioavailability of the drug in rats. This rapid release of drug was due to the enhanced solubility
of VLP-MSNs as compared to pure drug. These results confirmed that MSNs rapidly enhanced the
solubility of VLP in GIT fluids leading to a higher concentration gradient between the lumen and blood,
consequently producing a higher permeability and bioavailability of the drug after oral administration
of VLP-MSNs.

4. Conclusions

In the present study we successfully loaded the poorly water soluble drug VLP in monodispersed
silica particles having a diameter of 186 nm with good cytocompatibilty. No major interactions were
observed between the drug and the silica-based carrier. The porous structure of the silica particles
was confirmed by TEM and BET analysis. The pore size decreased from 5.9 to 5 nm after drug
loading. VLP shows a pH dependent dissolution which could hamper its in-vivo performance after
oral administration owing to fluctuations of pH throughout the GIT during fasting and feed states.
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These porous silica particles significantly enhanced dissolution profile of entrapped drug at higher pH
values by reducing the particle size of VLP in channels, preventing crystallization, the presence of the
drug in amorphous form and the large surface area of MSNs. Our in-vivo results were in line with
in-vitro studies where VLP-MSNs showed rapid dissolution, absorption, higher blood concentration
and possible accumulation of VLP-MSNs at the target site, i.e., the liver, as compared to pure VLP.
Thus, it can be inferred that porous silica particles are non-toxic and have the potential to improve
in-vitro and in-vivo performance of poorly water soluble VLP and could equally be applicable to other
drugs having solubility and bioavailability-related issues.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/4/307/s1,
Table S1: Biochemical blood analysis, Table S2: LFT, Table S3: RFTs and lipid profile, Table S4: Body weight
(grams) changes of rats after sample administration.
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