
 
 
 

 
 

Macquarie University PURE Research 
Management System 

 
 

 
This is the peer reviewed version of the following article:  
 
Giri, K., Kuschnerus, I., Ruan, J. and Garcia-Bennett, A.E. (2020), Influence of 
a Protein Corona on the Oral Pharmacokinetics of Testosterone Released 
from Mesoporous Silica. Advanced Therapeutics, vol. 3, no.5, 1900110.  
 
which has been published in final form at: 
 
https://doi.org/10.1002/adtp.201900110 
 
 
This article may be used for non-commercial purposes in accordance with 
Wiley Terms and Conditions for Use of Self-Archived Versions. 
 
 
 
 

https://doi.org/10.1002/adtp.201900110


 

This is the author manuscript accepted for publication and has undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/adtp.201900110. 

This article is protected by copyright. All rights reserved. 

Influence of a protein corona on the oral pharmacokinetics of testosterone released from 

mesoporous silica 

 

KalpeshKumar Giri, Inga Kuschnerus, Juanfang Ruan and Alfonso E. Garcia-Bennett*  

 

K. Giri, Inga Kuschnerus, Dr. A. E. Garcia-Bennett  

Department of Molecular Sciences, Macquarie University, Sydney, NSW 2109, Australia.  

ARC Centre for Nanoscale Biophotonics, Macquarie University, Sydney, NSW 2109, Australia. 

Dr. J. F. Ruan 

Electron Microscopy Unit, Mark Wainwright Analytical Centre, University of New South Wales, 

Sydney, NSW 2052, Australia 

 

E-mail: alf.garcia@mq.edu.au  

 

Keywords: mesoporous silica, protein corona, solid dosage forms, testosterone, drug delivery  

 

The formation of a p rotein corona adsorbed on mesoporous silica part icles with 2- and 3-dimensional 

pore structures after incubation in fetal bovine serum is investigated. The compositional properties of 

the resulting protein-particle complex is determined using mass spectrometry as a function of serum 

incubation time. The effect of the adsorbed proteins on the drug release properties of the mesoporous 

particles when these are used to deliver the hormone testosterone are examined in dissolution media . 

Changes to the pharmacokinetic parameters are validated in vivo in a rat model. Small changes to the 

maximum plas ma concentration, terminal half-life and area under the plasma concentration time curve 

(AUC)  could  be observed with pre-incubation of a hard protein  corona around the particles. This 

strategy could be used to slow down the release of pharmaceutical d rugs loaded onto mesoporous 

silica, and act as a formulation strategy for future nanomedical applications  involving advanced drug 

delivery.   
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1. Introduction 

The release of pharmaceutical compounds from the pores of mesoporous silica particles has 

been widely studied over the last decades. [1] A variety of administration routes have been 

shown to be compatible with the use of mesoporous silica, which possess precise pore 

structures in the nanometre range wherein drugs may be encapsulated.[2] The control of 

pharmacokinetic release properties of the encapsulated drug, including targeted and 

prolonged release strategies has been demonstrated both in vitro and in vivo.[3]  Designs of 

effective molecular pore gates (e.g. pH sensitive molecules, antibodies, photo-cleavable 

linkers, etc.) have been used to add further control and sensitivity to the release process. [1b] 

Specifically, mesoporous silica particles have been used to formulate poorly soluble 

pharmaceutical compounds with low oral bioavailability.[4]  Encapsulation results in the 

formation of a stable amorphous state of the drug within the pores, with a significant 

enhancement in the solubility and thus bioavailability upon rele ase.  

In parallel to the development of these functional excipients, the effects of the protein corona on 

the biological behavior of nanomaterials are being uncovered. [5] It is clear that the formation of 

adsorbed protein layers on the surface of nanoparticles has a significant effect on their 

immunotoxicological properties, as well as their ability to act as cellular targeted drug delivery 

vehicles.[6] Surprisingly, little work has been done to determine the effects of the protein corona in 

the context of mesoporous silica particles where the high -silanol rich- surface offers a large 

adsorption area for protein interaction. Alves et al.,[7] have shown that the cellular diffusion 

mechanism of anticancer agent camptothecin was affected by the presence or absence of serum in 

the cell culture medium suggesting that in smaller sized mesopores, <5nm, pore blockage may occur 

limiting the ability for the release the particles drug cargo. The protein corona of mesoporous silica 

particles with different functional groups (e.g. –NH2, -COOH, -PEG) has been characterized using 

proteomics,[8] where the amine functionalized surface resulted in the largest diversity of proteins 
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and where a low correlation between protein isoelectric point (pI) and surface was found. 

Interestingly, low molecular weight proteins dominated the corona of the particles, a priori also 

suggesting a pore size selectivity.  

The aim of the present work is to explore the effect of a pre-incubated protein layer (i.e. a 

protein-particle complex) on the kinetic release of pharmaceutical drugs when administered 

orally, and to determine if this approach may be used as a drug release strategy (Scheme 1). 

The hormone testosterone is used as a model drug. Testosterone (TST) is a naturally 

occurring steroid hormone which is used in hormone replacement therapy (HRT) to treat 

hypogonadal TST deficiency in men.[9] Similar to other hormonal drugs, testosterone has low 

and variable bioavailability due to its low aquous solubility  (0.033 mg/mL) and an extensive 

first pass metabolism through the liver. [10] Current TST formulations include transdermal 

patches, intramuscular injections, subdermal reservoirs, buccal tablets, and oral alkylated TST 

derivatives (e.g. methyltestosterone). All of these routes have limitations and drawbacks 

such as repeated and painful (intramuscular) injections or skin reactions due to patches. Oral 

administration of alkylated TST is limited due to its liver toxicity, which is known to cause 

liver tumours in 33-50% of long-term patients.[11] Only recently has the administration of 

non-alkylated TST been achieved in high enough serum levels without adverse effects on liver 

function, via the use of modified released formulations in combination with the 5α-reductase 

inhibitor finasteride, blocking the econvertion of TST into dihydrotestosterone.[12] However,  

higher doses are still required to attain therapeutic concetrations in blood serum orally.  

Improving the solubility of a drug can correlate with higher bioavailability and it is thus a 

desired formulation strategy.[13] In this work we use mesoporous silica as drug delivery 

vehicles in order to improve the drug solubility profile of TST, whilst pre -incubating the 

particles with a hard protein corona to potentially fine tune the drug release properties. For 

comparison, two mesoporous structures; MCM-41 (Mobile Composition of Matter-41) which 
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possess 2-dimensional (2d-) hexagonal cylindrical pores and AMS-6 (Anionic Mesoporous 

Silica-6) with 3d-cubic cylindrical pore structure (Scheme 1) are used.[1a, 14]  

 

2. Results and Discussion 

Mesoporous materials were prepared according to already established protocols (see Experimental 

Section below). Before use, the particles were calcined in order to remove any remaining pore 

forming agents. Loading of TST was conducted through a wetness impregnation in ethanol followed 

by evaporation of the solvent using a rotary evaporator.  

2.1. The amorphous state of testosterone is stabilized within the mesopores of AMS-6 and MCM-

41 

AMS-6 and MCM-41 samples loaded with TST are denoted with their loading amount in wt% as 

determined by thermo-gravimetric analysis, e.g. AMS-6TST20.5. X-ray diffraction (XRD) patterns of 

TST loaded samples (Figure 1a,b) show a lack of crystalline diffraction peaks >10° in 2θ, suggesting 

the drug remains in a non-crystalline state <30wt% loading. There are no changes to the position of 

the mesoscale diffraction peaks of the TST loaded particles, which are characteristic for the two 

mesoporous structures. Unit cell parameters of 42.8 and 122.3 Å for hexagonal MCM-41 and cubic 

AMS-6 are calculated, respectively (Table S1).  A reduction in the total mesopore volume, pore size 

and specific surface area (Figure 1c,d) with increasing TST loading is observed from N2 sorption 

isotherms confirming that the drug primarily resides within the mesopores. Raw data adsorption 

isotherms and typical transmission electron microscopy images are shown in the supporting 

information (see Figure S1, Supporting Information). For both materials the particle size range is 

between 100-300nm in diameter. No evidence of crystalline TST deposition outside the spherical 

particles could be observed from SEM images (Figure 2a,b). The amorphous nature of the loaded 

TST can be inferred from DSC measurements (Figure 2c, d). Traces show a significant decrease in 

temperature and broadening of the melting endotherm of TST loaded within AMS-6 and MCM-41. In 



 

This article is protected by copyright. All rights reserved. 

contrast, crystalline TST shows a sharp characteristic melting peak at 152 °C. This shifts to values as 

low as 73°C and 74°C for AMS-6TST13.9 and MCM-41TST12 respectively. Higher loading amounts 

result in a small increase in the position of the melting endotherm indicative of a certain amount of 

ordering of the TST within the pores. The amount of TST loaded into the mesopores of AMS-6 and 

MCM-41 was confirmed by TGA analysis (Figure S2a-c). Crystalline TST decomposes between 184-

313°C with a peak centered at 301°C. The decomposition temperature for all TST loaded samples 

occurs over a broader range, typically between 180-560°C and with peaks centered at approximately 

450°C. No significant differences could be observed between the decomposition profile of TST 

loaded in AMS-6 or MCM-41 (Figure S2d). The shift in the decomposition temperature of TST due to 

its confinement within the mesopores suggests an overall stabilization of the drug within the pores 

which may be impart accounted for by a reduction in drug mobility within the pores.[15]  

2.2. Faster release kinetics are observed for testosterone when released from mesoporous 

materials 

Dissolution profiles of crystalline and mesoporous loaded TST were conducted in simulated intestine 

fluid, SIF (pH 6.8) under sink conditions (Figure S3). These are characterized by a two stage release 

process involving an initial burst in the first hour followed by a slower rate of release. Crystalline TST 

exhibits a zero order kinetics, with the time to dissolve 50% of the dose (t50%) equal to 4.8 hours. 

Dissolution curves for TST loaded AMS-6 and MCM-41 samples could be modelled using the Higuchi 

equation,[16]  with R2 values above 0.95.. Fitting parameters are shown in Table 1. A considerably 

faster release kinetics was observed for all mesoporous samples in comparison to the crystalline TST, 

which can be accounted for by the amorphous state of the drug within the mesopore. Sample MCM-

41TST12 showed the fastest Higuchi rate constant (kH) having a t50% value of 0.6 hrs. Presumably this 

is due to a higher proportion of the mesoporous structure remaining accessible in comparison to 

samples loaded with higher TST (Figure 1c); and a smaller pore size than AMS-6. The DSC trace of 

this sample correlates with a more amorphous packing of TST within the mesopores (Figure 2d) . The 

release kinetics for all loaded samples of AMS-6 appears to be independent of loading amount, with 
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kH values remaining in the same range at the loading amounts studied. The 3-dimensional pore 

structure and connectivity of the ASM-6 mesopores are likely responsible for this effect, both from 

the perspective of pore accessibility as well as reduced wall drug interactions. In the context of 

gastrointestinal retention times, this release is too fast as between 60-85% of the drug releases in 

the first 6 hours in SIF.[17] It is important to note that no additional excipient was included in the 

formulation and that the particles were not compressed into tablets. This has been shown to 

significantly decrease the release rate of low solubility drug compounds enhanced through 

encapsulation within mesoporous materials. [18] 

2.3. The protein coronas of MCM-41 and AMS-6 differ in composition 

The formation of a protein corona around spherical particles of AMS-6 and MCM-41 loaded with TST 

at the highest loading, was conducted by incubating the particles for 10 and 120 minutes, T10 and 

T120, in 100% fetal bovine serum (FBS). The particles underwent three washing cycles with distilled 

water in order to remove loosely bound proteins whilst retaining a so-called hard protein corona of 

adsorbed proteins within the external surface of the mesoporous particle. Figure 3 shows 

representative cryo-TEM images of AMS-6 mesoporous particles before and after the washing 

cycles, showing distinct differences in overall particle size of the protein-particle complex. The initial 

soft protein corona is dendritic in structure enlarging the particle to over 1 µm in size whilst after 

washing the corona can be seen as a homogenous layer of approximately 10 nm in width.  

Coomassie dye staining of proteins in polyacrylamide gels (SDS-PAGE) are shown in Figure 4a. Some 

differences in the overall abundance of proteins between AMS-6 and MCM-41 are noticeable, even 

though the high-abundance spots are likely underestimated due to staining saturation. The 

composition of the hard corona was also characterized using liquid chromatography-tandem mass 

spectrometry (LC MS/MS) for AMS-6TST27.2 and MCM-41TST23.8. A full list of proteins detected is 

provided in Table S2.  The total number of proteins detected at T10 was similar for AMS-6TST27.2 

(n=187) and MCM-41TST23.8 (n=183). An increment was observed at T120 for AMS-6TST27.2 (n=218) 
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and a significant decrease for MCM-41TST23.8 (n=122). These differences do not reflect the 

complexity of the protein corona composition however. Analysis of common and unique proteins 

found for each sample is shown as Venn diagrams in Figure 4b. Less than 15% of proteins are 

unique. Over 57% of proteins in the two incubation time points were the same for the AMS-6 TST 

loaded sample, whilst only 34% were similar in the case of the MCM-41 sample. In terms of 

molecular weight, 75-80% of detected proteins in all samples were <100kDa, suggesting the proteins 

detected may be partially penetrating the mesopores (Figure 4c). The top 20 most abundant 

proteins accounted for over 80% of the total protein content in the corona of both AMS-6TST27.2 

and MCM-41TST23.8 samples, and 87.2% for MCM-41TST23.8 at T120. Serum albumin (A0A140T897) 

is the most abundant protein detected in the corona of TST loaded AMS-6 at both incubation times, 

whilst inter-α-trypsin inhibitor heavy chain H4 (F1MMD7) is most abundant for TST loaded MCM-41. 

Albumin and Apolipoprotein (APOA1) are found to be part of the top 5 most abundant proteins in all 

protein corona (Figure4d). Clustering analysis of detected proteins was conducted to better 

understand the protein corona; and gene ontology (GO) term enrichment to sub-classify proteins by 

molecular function (Figure S4). There is a clear signature clustering of proteins for both AMS-

6TST27.2 and MCM-41TST23.8 at the different incubation times, suggesting that the protein corona 

is different for the two types of mesoporous particles and that it changes with incubation time. More 

than 80% of a protein detected are involved in catalytic and bidding activity in all cases.  

2.4. The protein coronas of MCM-41 and AMS-6 affect the release kinetics of TST 

Dissolution experiments were conducted with AMS-6TST27.2 and MCM-41TST23.8 samples, under 

sink conditions in phosphate buffer saline (PBS) and simulated gastric fluid (SGF) after incubation of 

the particles in bovine serum at T10 and T120 minutes to generate a protein corona (Figure 5, and 

Figure S3c). In the absence of incubation, a rapid release of TST occurs in PBS for both samples with 

96% of TST released within a period of 10 hours for AMS-6. MCM-41 reaches a plateau within 2 

hours, and the curve is characterized by an incomplete release of the loaded drug (only 80% of the 
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total loaded), indicating a degree of drug occlusion within the 2d-hexagonal structure.  The total 

amount of drug released and the rate of release in the same period decreases for both mesoporous 

particles after the formation of a protein corona, however no significant differences were observed 

by increasing the incubation time in serum from T10 to T120 minutes for neither of the  MCM-41 or 

AMS-6 TST loaded samples. These results are similar to those obtained in SGF, whereby the total 

amount release and release rate during the first 4 hours decreases when both MCM-41 and AMS-6 

mesoporous particles are pre-incubated in bovine serum at both time points. This is despite the 

higher solubility of crystalline TST in SGF, which is indicative of a stable protein corona in the acidic 

environment.  

The in vivo oral administration of a single dose of crystalline TST, TST loaded into mesoporous silica 

AMS-6 TST27.2 with and without incubation of the particles in FBS for 10 minutes was investigated 

in Sprague Dawley rats (Figure 5c). The maximum drug concentrations were 6.85 ng/mL 15.21 ng/mL 

and 13.79 ng/mL, respectively, with more than a 2-fold enhancement in the plasma concentration 

when the mesoporous silica particles are used as carriers. A small decrease in Cmax is observed when 

the particles are coated with a protein corona suggesting some small effects on drug release and 

absorption kinetics may be occurring. A similar trend is observed for the mean area under the curve 

(AUC0–∞) of AMS-6 with values of 23.76 and 26.47 h ng/mL for the drug formulation with and 

without a protein corona, respectively. Thus, more than a 2-fold increase in oral bioavailability can 

be inferred in comparison to the crystalline TST (6.85 h ng/mL). No differences in the Tmax were 

observed and it’s important to note that the overall differences for the protein coated particles are 

not statistically significant.  

The gastrointestinal fluid is a dynamic and complex mixture of components, which includes a variety 

of protein digesting enzymes such as pepsin and proteases (e.g. trypsin and chymotrypsin). Thus, the 

formation of a new gastrointestinal enzymatic corona around the particles is likely. A negatively 

charged particle will dominate the silica surface in accordance to its isoelectric point of 3.4, but this 

will be reversed in the stomach where the acidic gastric secretions, with pH values as low as 0.7 will 
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result in the net particle charge being positive and a rearrangement or formation of a new 

protein/enzyme corona.[17] As the particles emerge from the stomach they will be rapidly neutralized 

by pancreatic secretions, which again may cause a change in the enzymatic corona governed 

presumably by pancreatic enzymes. Using polymer nanoparticles it has been shown that the 

formation of an enzymatic corona occurs after exposure to digestive enzyme which may affect their 

delivery properties.[19] In future work it will be necessary to understand the dynamic properties of 

the gastrointestinal enzymatic corona as well as to undertake systematic studies on the stability of 

the pre-incubated hard protein coronas within the gastrointestinal tract with a specific focus on the 

formation of an enzymatic corona.  

 

  3. Conclusion 

 

Overall, our results confirm the adequacy of mesoporous si lica as a carrier of TST, whereby an 

enhancement in oral bioavailability is observed due to an increase in the solubility profile of TST. The 

protein corona around mesoporous particles can be imaged with the large variations in size of the 

protein-particle complex clearly visible. The hard corona sorrounds the particles tightly on the 

external surface and forms a layer of proetins of approximately 10 nm in size.   Whilst small 

differences are observed in the pharmacokinetic parameters of TST release from particles containing 

a protein corona, this change is small and further studies are required to confirm that this i s a valid 

formulation strategy. In this work, only one drug concentration was studied in vivo, with only one 

incubation time in FBS. Longer incubation periods, in more selective protein containing media, which 

may generate a stronger bound protein layers may allow harnessing further decreases in 

pharmacokinetic parameters for easily absorbed soluble TST.  
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4. Experimental Section 

Chemicals and Materials: Unless stated all chemicals were purchased from Sigma-Aldrich (Sydney, 

Australia) and were used as received.  

Synthesis of Mesoporous Materials: Mesoporous MCM-41 spherical particles were synthesized 

according to a previously reported protocol.[20] In a typical synthesis, 2.5 g cetyl trimethylammonium 

bromide (CTAB) was dissolved in 50 g of deionized water in a PVC bottle. Aqueous ammonia (28-

30%, 13.5 g) and absolute ethanol (60 g) were added to the CTAB solution and stirred for 20 mins 

(250 rpm) at room temperature (RT). Tetraethyl orthosilicate (4.7 g TEOS) was added resulting in the 

final synthesis gel. After stirring for 2 hours the white precipitate produced was kept in the oven at 

100°C for 24 hours unstirred. The as-synthesized MCM-41 material was filtered and dried overnight 

at RT; the surfactant was removed by calcination at 550°C (3 hrs in flowing air) to give the final 

porous material. 

The method used for the synthesis of AMS-6 particles has been described previously. [21] The 

surfactant, N-lauryl-L-alanine (1.25 g), was first added to 250 mL deionized water in a PVC bottle and 

kept at 80°C (200 rpm) for 12 hours. The solution was stirred for 10 min at 1000 rpm before adding 

the co-structure directing agent 3-aminopropyl triethoxysilane (1.25 g APES) and tetraethyl 

orthosilicate (6.25 g TEOS) as the silica source. After addition, above the solution was stirred at 1000 

rpm for 1 hour. The speed was reduced to 500 rpm after 12 hours and kept at RT for 12 hours, 

unstirred. The products were recovered by filtration and calcined as described above for MCM-41. 

Material Characterization: Powder X-ray diffraction (XRD) studies were performed on loaded and 

free drug samples to evaluate the mesoscale order and the crystallinity of the drug after loading, on 

a Bruker D8 Discover diffractometer using CuKα radiation (λ = 1.54 Å). The diffraction patterns were 

recorded between 1-70° in 2θ.  
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Textural properties were characterized by nitrogen sorption isotherms measured on calcined and 

drug-loaded samples at -196°C using a Micromeritics TriStar II volumetric adsorption analyzer 

(Micromeritics Instrument Corporation, GA, USA). Before the measurements, samples were dried 

and degassed for 12 h at 100°C or 40°C (for drug loaded samples). Specific surface areas were 

calculated by applying the Brunauer–Emmett–Teller (BET) method in the relative pressure range 

between 0.05-0.2. The total pore volume was calculated from the amount of gas adsorbed at P/Po = 

0.95. The pore size distribution was determined using density functional theory (DFT) and assuming 

a cylindrical pore geometry.  

Scanning electron microscopy (SEM) was used to study morphology and topography of the particles 

and their surfaces as well as their size by using a JSM-7401F (JEOL Ltd., Tokyo, Japan) operating at 1–

2 kV with no gold coating. Transmission electron microscopy (TEM) was used to determine the  pore 

structure of mesoporous silica particles complementing XRD. All images were recorded with a JEOL-

3000F microscope (JEOL Ltd, Tokyo, Japan) operating at 300 kV (spherical aberration: 0.6 mm; 

resolution 1.7 Å). Images were recorded using a charge-coupled device camera model Gatan (1024 × 

1024; pixel size: 23.5 × 23.5 µm) at x10000–30000 magnification using low dose conditions on 

calcined. Transmission electron Microscocopy (TEM) images were recorded on JEOL-3000F 

microscope operating at 300kv and between x4000-10000 magnification. 

Thermogravimetric analysis (TGA) was used to determine the loading amount of the drug in 

mesoporous silica carrier by using the instrument model TGA-2050 (TA instruments, Delaware, USA). 

A temperature ramp between 20–700°C at a heating rate of 20°Cmin-1 from 20 to 800 °C was used 

with sample weights from 5 mg to 10 mg.  

Differential scanning calorimetry (DSC) was used to determine the loading state of TST using a DSC 

Q2010 (TA Instruments, NJ, USA), and heating from 20-350°C at a heating rate of 10°Cmin-1. The 

sample (5-10 mg) were loaded in standard aluminum pan. Analysis was performed using TA 

instruments software (TA instruments, Universal analysis 2000, 3.0 G). 
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Cryo-TEM was conducted on holey carbon coated copper grids (mesh size 200 μm with 2 μm holes 

(QUANTIFOIL, Germany) treated with oxygen plasma to make the film hydrophilic. 5 μl of the sample 

was placed onto each grid at 80% humidity. The excess dispersion was removed by blotting with 

filter paper for 3 s. The grid was plunged into liquid ethane with a Leica EM GP freeze plunger (Leica, 

Germany) and stored in liquid nitrogen. Before transferring them into the TEM, grids were further 

prepared with copper C-rings and C-clips by Thermo Fisher in liquid nitrogen. Electron micrographs 

were obtained with a Talos Arctica TEM (Thermo Fisher Scientific, USA) and recorded by direct 

detector Falcon 3EC (4Kx4K, Thermo Fisher Scientific, USA). 

Drug loading: A wetness impregnation procedure was applied to load TST. A sample of mesoporous 

silica (300 mg) was added to 50 ml chloroform and stirred for 20 min. The required amount of drug 

was added to obtain the target loading and the solution stirred for 1 hour. The solvent was 

subsequently removed by rotary evaporation (100 rpm) at 40°C under reduced pressure (200 mbar). 

Samples were dried at atmospheric pressure for 1hr and stored in airtight containers. A low loading 

amount <30wt% was selected to minimize any effects drug deposited on the external surface of the 

particles on the dissolution kinetics.  

Media for dissolution experiments: Simulated intestinal fluid (SIF) was prepared by dissolving NaOH 

(0.896 g) and KH2PO4 (6.805 g) in purified water (1L) resulting in a pH of 6.8. Simulated gastric fluid 

(SGF, pH1.2) was prepared by dissolving 2.0 g of sodium chloride in 7.0 ml of hydrochloric acid (37%) 

followed by sufficient water to make 1L solution without pepsin. Phosphate buffered saline (PBS) 

was prepared by dissolving NaCl (8.0 g), KCl (0.2 g), Na2HPO4 (1.44 g) and KH2PO4 (0.24 g) in 

purified water (1L) giving a pH of 7.4. Purified water was obtained from a Millipore filtration system 

(Sydney, Australia) with a resistivity of 18.2 MΩ×cm. 

Drug release and drug dissolution experiments: Dissolution studies of drug-loaded mesoporous silica 

(30 mg doses) or pure crystalline drug were performed in SIF and SGF, using a rapidly dissolving 

gelatine capsule. For drug release measurements from serum incubated particles; 1 ml of pure fetal 
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bovine serum (FBS) was added to the sample containing the TST loaded mesoporous silica carrier. 

Samples were then incubated for 10 min (T10) or 120 min (T120) at 37°C to obtain protein corona-

complex around the particles. For the control sample, 1 ml of PBS inste ad of FBS was used. Kinetic 

dissolution release measurements were performed on a USP II paddle method (50 rpm stirring, at 

37°C and 900ml dissolution medium) using a UV/Vis Cary 60 Spectrophotometer (Agilent) connected 

to an Agilent G7926A, 708-DS Dissolution Station. 

Protein corona analysis: Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE): To 

evaluate the protein corona adsorbed onto TST loaded mesoporous silica surface AMS-6 and MCM-

41 were incubated with pure FBS at T10 and T120. The samples were then washed to remove 

unbound or loosely bound proteins (soft corona). The hard corona coated mesoporous silica 

particles were mixed with 20 μl of lysis buffer, [22] and boiled for 5 min at 95°C. Samples were then 

loaded in NUPAGE 4-12% BTGEL (12 wells Life Technologies). The gel was run for 55-60 min at 

200mV in 20 times diluted MOPS SDS (sodium dodecyl sulphate) Running Buffer (10×, Thermo 

Scientific). Staining was performed with Coomassie Brilliant Blue R-250 Staining Solutions Kit (Bio-

Rad) for 2 hours, followed by washing in MilliQ water for 2–3 days. 

Mass spectrometry: Gel bands were excised from the gel and dehydrated using acetonitrile followed 

by vacuum centrifugation. Dried gel sections were reduced with 10 mM dithiothreitol and alkylated 

with 55 mM iodoacetamide followed by washing alternately with 25 mM ammonium bicarbonate 

and acetonitrile. This process was repeated, and the gel sections were dried by vacuum 

centrifugation before digestion with trypsin overnight at 37 °C. Peptide extraction was performed 

using a formic acid (2%) and acetonitrile (50%) solution. The extracted peptide solution was dried 

using a vacuum centrifuge and peptides were reconstituted in 0.1% formic acid solution. Peptide 

extraction was performed using a formic acid (2%) and acetonitrile (50%) solution. The extracted 

peptide solution was dried using a vacuum centrifuge and peptides were reconstituted in 0.1% 

formic acid solution. Analysis of peptides and peptide fragments was performed using liquid 
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chromatography-tandem mass spectrometry (LC-MS/MS) on a Q-Exactive hybrid Quadrupole 

Orbitrap mass spectrometer (Thermo). An in-house packed trap (Halo® 2.7µm 160 Å ES-C18, 100µm 

x 3.5cm) and analytical column (Halo® 2.7µm 160 Å ES-C18, 75µm x 10cm) were used for sample 

application. Prior to the mass spectrometry, high performance liquid chromatography (HPLC) 

separation was performed using nanoflow liquid chromatography (EASY-nLC™ II, Thermo). A linear 

gradient of buffers A (2% v/v acetonitrile, 0.1% v/v formic acid) and B (99.9% v/v acetonitrile, 0.1% 

v/v formic acid) was used for the elution of peptides. The starting gradient was 1-50% buffer B for 50 

mins followed by increase in buffer B concentration from 50 to 85% for 2 mins and column washing 

at 85% of buffer B for 8 mins. The flow rate was kept constant at 300nl/min during the gradient. The 

mass spectrometry spectral acquisition was performed in the scanning range of 350-2000 m/z in 

positive mode. For tandem mass spectrometry analysis, HCD fragmentation of the top 10 most 

intense precursor ions were performed at a normalised collision energy of 30% (Xcalibur, Thermo). 

Three technical replicates per samples were performed. Raw data files, obtained from Xcalibur 

software (3.1.66.10 Version), were submitted to MaxQuant 1.5.2.8 which incorporated the 

Andromeda search engine for protein identification and Label free intensity based quantification. 

Data were searched against the Bos Taurus (Bovine) Uniprot complete proteome reference database 

downloaded on September 09, 2017. Above, searches specified trypsin as the proteolytic enzyme 

with up to two missed cleavages. Carbamidomethylation of cysteine and oxidation of methionine 

were set as fixed and variable modification, respectively. The monoisotopic mass tolerance for 

precursor ions and fragmentation ions were set to 10 ppm and 0.5 Da, respectively. Maximum false 

discovery rates set 0.01 on peptide and protein levels. The outputs from MaxQuant were then 

filtered to remove known contaminants such as trypsin, human keratin.  

In vivo pharmacokinetic studies: The experimental protocol was approved by the Animal Ethics 

Committee (AEC) of the Macquarie University, Sydney, Australia (AEC Reference No.: 2018/023-2). 

Male Sprague–Dawley rats with a mean body weight of 200 ± 20 g were fasted overnight prior to 

experiments, with free access to water. All animals were allowed to acclimatize for at least 7 days 
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prior to drug administration. Animals were divided randomly into four groups (n=8 per group). 

Group 1 (control) was treated only with water.  A solution of TST was administered orally at a dose 

of 10 mg/kg in Group 2. Group 3 was administered with TST loaded into mesoporous materials 

27.2% TST (AMS-6TST27.2) by oral gavage at a dose equivalent to 10 mg/kg of TST. 

Group 4 received the same formulation as in Group 3 but drug loaded mesoporous particles were 

incubated with FBS in order to form protein corona complex. All formulation were administered by 

oral gavage as a suspension in water.  

Blood plasma samples (approximately 0.15 ml) were collected via the tail vain at specified time 

intervals of 0.25, 0.5, 1, 2, 3, 4, 8, 12 and 24 h in micro centrifuge tubes containing disodium 

ethylenediaminetetraacetate dihydrate (Na2EDTA). The blood samples were immediately 

centrifuged for 10 min at 6000 rpm to collect plasma samples. These were immediately frozen in an 

upright position and stored at −80 °C±10. 

Pharmacokinetic analysis of in vivo samples by LCMS/MS: 

Plasma samples were thawed, mixed at room temperature and processed together with quality 

control samples, reagent blank, and calibrators. Eight point calibration curve (CC) were prepared by 

serial dilution of TST stock solution (1.09 mg/ml) in the range of 1.00 –1099 ng/ml. Calibration 

standards and Quality control (QC) were prepared daily by spiking 45 µL of blank plasma with 5 µL of 

the appropriate working solution resulting in concentrations of 1.0, 2.00, 13.36 66.78, 222.60, 

494.67, 824.45 and 1099 ng/ml of plasma for calibration curve and 3.45, 520.15 and  821.29 ng/ml 

plasma respectively for Quality control (QC) samples of low quality control (LQC), medium quality 

control (MQC), high quality control. A volume of 50 µL study samples were transferred to the pre 

labelled Eppendorf tubes from the corresponding samples and 500 µL IS (Internal standard, 

Testosterone D3) solution working (57.44 ng/ml) was added to all the samples (CC’s, QC’s and 

samples except blank), whereas for blank samples added 500 µL of precipitation solution (50% 
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acetonitrile) and vortexed for 5 minutes, centrifuged for 10 minutes at 10000 rpm at 4ºC. 

Transferred the supernatant to pre labelled HPLC vials and injected into LC-MS/MS system for 

estimation of analyte. 

Electrospray ionization LC-MS/MS analysis was carried out using an AB Sciex 4000 triple quadrupole 

mass spectrometry instrument with a Shimadzu LC-20 AD VP HPLC system. Chromatographic 

separation was achieved at 40 °C using a reversed phase column Agilent Poroshell EC-C18, 2.7µ, 

4.6×50mm. The analyte was eluted from the column using a isocratic flow of Mobile Phase A (0. 1% 

formic acid in 80% methanol): Mobile phase B (0.1% formic acid in 5mM ammonium format (90:10) 

for 4 min. The flow rate and injection volume were 0.400 mL/min and 20 μL, respectively. Total 

testosterone was detected by Multiple Reaction Monitoring (MRM) in the positive ion mode, 

quantified by the ion transition m/z 289.2 → 109.1 for testosterone and 292.2 → 97 for Internal 

standard. The ionspray voltage and source temperature were 5550 V and 650 °C, respectively. 

Decluttering, entrance and exit potentials were 86.0 V, 10.0 V and 6.0 V, respectively. Curtain gas, 

ion source gas 1, ion source gas 2, and collision gas were set to 30 psi, 30 psi, 45 psi, and 6 psi, 

respectively. The collision energies for quantitation ions for testosterone, internal standard were 33 

eV and 31 eV respectively. 

Area ratio of all calibration curve standards and quality control samples were corrected for blank 

area ratio from mean of triplicate Blank + IS samples. These area ratios were further used to back 

calculate the concentrations of calibration curve standards and quality control samples. Further 

study samples concentrations were also calculated using excel for back calculation of active drug. 

Pharmacokinetic Analysis Methodology: The PK analysis is performed by non-compartmental 

methodology using Phoenix WinNonlin version 8.1.0.3530. All computations used with the nominal 

sampling time points. Pharmacokinetic parameters for Group 1 is not calculated as it is a control 

group and by back calculation with blank, the concentration is below LLOQ (Lower limit of 

quantification). 
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Scheme 1. The formation of a protein corona-mesoporous silica complex for the oral administration 

of testosterone. Drug loading on mesoporous structures MCM-41 and AMS-6 is conducted via a 

solvent impregnation in ethanol, prior to incubation of the loaded particles in bovine serum. The 

particles are then administered via oral gavage to Sprague-Dawley rats.  
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Figure 1. X-ray diffractograms of TST loaded mesoporous AMS-6 (a) and MCM-41 (b), at different 

loading amounts. The diffractogram of crystalline TST is shown for comparison. The evolution of 

total mesopore volume (V) and specific surface area (SA) as a function of TST loading is shown in (c). 

The decrease in porous properties is also mirrored by a decrease in the pore size distribution of both 

AMS-6 and MCM-41 (d). 
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Figure 2. Scanning Electron Microscopy images of drug loaded (a) MCM-41, and (b) AMS-6 

mesoporous spherical particles. Differential scanning calorimetry of TST loaded mesoporous AMS-6 

and MCM-41 at different loading amounts are shown in (c) and (d) respectively. A sharp endotherm 

for crystalline TST corresponds to the characteristic melting peak. This broadens significantly and 

decreases in temperature when the drug is loaded within the silica mesopores. 
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Table 1. Dissolution kinetics and fitting parameters for TST and mesoporous loaded TST samples. 

Values obtained from dissolution curves conducted in simulated intestine fluid (SIF).  

Material Loading 

(wt%) 

Higuchi 

rate 

constant 

(kH) 

R2 t50% 

[hours] 

b) 

AMS-

6TST 
13.8 39 0.99 1.8 

 19.7 44 0.97 1.6 

 27.2 47 0.98 1.6 

MCM-

41TST 
12.0 

98 

0.99 0.6 

 21.1 

68 

0.98 1.0 

 23.8 

39 

0.98 2.0 

TST - 22.9 a) 0.98 4.8 

a) Fitting on the basis of a zero order release kinetics 

a) Time for 50% of drug loaded to be released 
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Figure 3. Cryo-Transmission electron microscopy images of AMS-6 mesoporous particles recorded 

before removal of the soft corona (a), and after washing cycles to reveal the hard corona as a thin 

homogenous layer of 10nm in width on the external particle surface (b).  
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Figure 4. Comparison of the protein corona of AMS-6 and MCM-41 mesoporous particles incubated 

at 10 and 120 minutes.  (a) SDS-PAGE images of protein classication by molecular weight for AMS-6 

and MCM-41 samples. Gels correspond to experimental triplicates. The * marks the MW standard 

ladder.(b) Venn diagram displaying the number of unique and common proteins identified in the 

coronas AMS-6TST27.2 and MCM-41TST23.8,  and their overlap. (c)  Classification  of proteins 

detected by LC-MS/MS by their molecular weight, and (d) by their relative abundance  for AMS-

6TST27.2 and MCM-41TST23.8 as a function of with different incubation time obtained from 

quantitative mass spectrometry analysis.     
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Figure 5.  (a, b) Dissolution profiles of  crystalline TST, AMS-6TST27.2 and MCM-41TST23.8 in PBS 

with and without the formation of a protein corona at different incubation times. (c) Plasma 

concentration of TST, AMS-6TST27.2 and  AMS-6TST27.2(T10) after single dose oral administration via 

gavage in aqueous suspension.  
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Table 2. Pharmacokinetics parameters for single dose in vivo oral administration of TST formulations 

and mesoporous loaded TST samples.  

Parameter
 a)

 TST AMS-6TST27.2 AMS-6TST 27.2  T10 

t
max

 (h) 1 1 1 

C
max

 (ng mL−1) 6.85 15.21 13.79 

AUC
0−t

 (ng h mL−1) 11.86 25.91 23.76 

AUC
0−∞ 

(ng h mL−1) 12.07 26.47 24.5 

t
1/2

 (h) 0.56 0.62 0.65 

T
last 

(h) 4 4 4 

a) Cmax, maximum plasma concentration; Tmax, time to achieve maximum plasma concentration; t½, 

terminal half-life; AUC0-24h, area under the plasma concentration time curve from zero to 24 hr 

observation period; AUC0-∞, area under the plasma concentration time curve from time zero to 

extrapolated infinity; Tlast: time to last. 
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