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Graphical Abstract

Tacrolimus loaded silica-lipid hybrid (SLH) powder prepared by mesoporous silica and lipid
had good sustained release behavior, flowability and compressibility. The drug was

distributed into the pores of the silica.
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Abstract:

Many studies had been focused on designing tacrolimus sustained release
preparations based on solid dispersion technique, but no one had tried to employ
mesoporous silica as the carrier material to realize this goal. The purpose of this study
was to develop a novel, simple and environmental friendly drug loading method with
mesoporous silica to obtain tacrolimus sustained-release preparation. Tacrolimus was firstly
dissolved in the molten mixed lipid composed of Compritol 888 ATO and Gelucire 50/13 to
prepare a drug loaded lipid-based drug delivery systems (LBDDS), then the liquid LBDDS
was adsorbed by mesoporous silica to transfer the liquid into solid powder, ie. the

tacrolimus sustained release silica-lipid hybrid (SLH). The SLH was characterized by
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SEM, CLSM, XRPD and DSC, and the in vitro drug release was tested using a paddle
method. SEM and CLSM observation showed that the LBDDS was efficiently distributed
throughout the pores of the silica. The results of DSC and XRPD illustrated that the lipid
existed inside the silica at amorphous state. The drug-loaded SLH showed good flowability,
compressibility, compactibilty and two-phase in vitro drug release process within 24
hours, which did not change obviously even after storage at 40 °C for 10 d. The present
study provided a novel and simple method to prepare tacrolimus sustained release
powder, which provided a feasible solution to solidify the liquid LBDDS of not only
extended drug release behavior, but also improved stability and micromeritic

properties.

Keywords: Tacrolimus; Lipid-based drug delivery system; Mesoporous silica; Silica-lipid

hybrid; Sustained-release

1. Introduction

Tacrolimus, previously known as FK506, is a macrolide immunosuppressant produced
by Streptomyces tsukubaensis. Due to its potent immunosuppressive activity, low dosage,
high organ survival rate and low incidence of acute rejection rate, tacrolimus is clinically
used in the prophylaxis of organ rejection after hepatic and renal transplantation procedures
[1]. As a BCS class Il drug, the poor water solubility of tacrolimus greatly limited its oral
bioavailability. Thus, increasing the solubility or dissolution of tacrolimus was one of the
key problems in improving oral bioavailability, and many studies have been devoted to the
modification of various drug delivery systems, including solid dispersion [2,3], nanoparticles

[4-6], liposome [7,8], and self-emulsification [9]. Tacrolimus extended release
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preparations attracted great attention in both clinical practice and drug development
due to its superior therapeutic profits, such as decreased ratio of peak/trough blood

drug level, improved oral bioavailability and eliminated need for frequent dosing. There

were already two modified release products of tacrolimus approved and marketed worldwide.

A once-daily tacrolimus sustained release capsule supplied by Astellas Pharma Inc was
approved in Europe (Advagraf®) and Japan (Graceptor®) in 2007 [10-11]. After that,
tacrolimus sustained-release tablet produced by Veloxis Pharmaceuticals was approved both
in Europe and USA with the brand name of Envarsus® and Envarsus®XR, respectively. In
addition, there was an explosion of interest in developing tacrolimus extended release
preparations in recent years. Cho et al. had focused on the development of novel
fast-dissolving tacrolimus solid dispersion-loaded prolonged release tablet. Wang et al.
reported a novel gastro-retentive sustained-release tablet of tacrolimus based on
self-microemulsifying mixture [12].

Lipid excipients aroused great interest to drug formulation researchers owing to their
ability of providing solutions to drug delivery challenges, such as low drug solubility and
dissolution rate, poor oral absorption of water-insoluble drugs, as well as the simplified and
safety manufacturing processes, and so on [13-15]. For poorly water-soluble drugs,
lipid-based drug delivery systems (LBDDS) unveiled distinguish prospects as it can
mimic the food effect via creating a lipophilic microenvironment within the
gastrointestinal tract, thus enhancing the solubilization of poorly water-soluble drug
molecules and providing a concentration gradient that drive the absorption of drug molecules
in the intestinal tract [16-20]. One of the major disadvantages of LBDDS lies in its liquid or
low melting-point semi-solid state (eg. lipid solutions, suspensions, and emulsions) at
ambient environment, which may result in physicochemical instability during storage, thus
greatly limited applications of LBDDS [21-22].

Mesoporous materials with tunable pore size of 2 nm to 50 nm, large surface area and
porosity, and high adsorbing capacity have been selected as ideal carriers for both fast
and extend drug release. Mesoporous silica was widely investigated as drug delivery

systems since Vallet-Regi firstly used it for loading of drug in 2001 [23-27]. The use of
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mesoporous silica in drug delivery systems is mainly due to its excellent adsorptive
properties. In previous reports, organic solvent solution soaking method was often used to
load poorly water-soluble drugs for fast drug release. Wang et al. achieved sustained
release of drug by employing supercritical fluid technique to load poorly water-soluble
drug deep into the pore channels of mesoporous silica [25]. It is the physical interaction
between silica and adsorbed guest molecules that delays drug release [28]. Mesoporous
silica can also be used as a carrier of LBDDS via physical adsorption to convert the liquid
or semi-solid state LBDDS into solid powder and formed silica-lipid hybrid (SLH) with
improved the flowability, compressibility and compactibility. The powdered SLH combined
the well-known advantages of LBDDS with those of solid dosage forms, and what’s more,
it bore the ability to greatly improve the physicochemical stability of LBDDS [29].

Till now, there is no report on the using of lipid excipients and mesoporous silica as
the organic/inorganic hybrid carrier to achieve solidified LBDDS for sustained
tacrolimus release. In this study, tacrolimus was dissolved in a mixture of molten lipids
composed of Glyceryl Behenate and Stearoyl polyoxyl-32 glycerides to obtain drug
loaded LBDDS, and then mesoporous silica was used to adsorb the liquid LBDDS to
obtain SLH powder. The physicochemical properties of SLH powder and their in vitro
drug release were studied. It is desirable to achieve a novel, simple and solvent-free

technique to fabricate tacrolimus sustained release preparations with this method.

2. Materials and methods

2.1 Materials

Tacrolimus (Chinese Pharmacopeia) was a gift from Zhejiang Hisun Pharmaceutical Co. Ltd
(Jiangsu, China); Glyceryl Behenate (Compritol 888 ATO) and Stearoyl polyoxyl-32
glycerides (Gelucire 50/13) were kindly donated by Gattefossé (France); Mesoporous silica
(Parteck SLC) was provided by Merck & Co. Inc (Germany). Tacrolimus capsules: brand
name Prograf; standard 1mg/capsule; batch number 1E2201A. All other chemicals used

were of chemical or analytical grades and used as received.
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2.2 Preparation of tacrolimus loaded LBDDS and SLH

Tacrolimus loaded SLH was prepared in a process of two-steps, ie., preparation of
drug-loaded LBDDS and the solidification of LBDDS to form the drug-loaded SLH as
described below. (1) Tacrolimus, and/or Compritol 888 ATO and Gelucire 50/13 were
accurately weighed according to the formulations listed in Table 1, and placed into a glass
round bottom flask and heated at 80°C with constant stirring until all the excipients were
melted; then tacrolimus was added into the molten mixture at 70°C with stirring to form a
homogenous mixture. (2) The mesoporous silica was mixed with the above molten mixture,
and the molten mixture was adsorbed into the pores inside the silica under decreased
pressure. The mixture was stirred for another half an hour at 70°C and then cooled down to
room temperature to form the final solid hybrid mixture. The lipid free, tacrolimus loaded
mesoporous silica was prepared with similar method using ethanol as the solvent and

fabricated at room temperature.

2.3 Scanning electron microscopy (SEM) observation

The mesoporous silica, drug-loaded SLH and drug-loaded SLH after in vitro drug
release were spattered with gold, their morphologies were observed using a S-3400 SEM

(Hitachi, Japan) at 5.0 KV electron acceleration voltage.

2.4 Confocal laser scanning microscopy microphotographs (CLSM)

Coumarin, a fluorescent dye, was loaded into SLH as the model molecule instead of
tacrolimus to observe the distribution of drug inside the mesoporous carrier. Briefly, about 1
pg of coumarin was dissolved in 100 mg of lipid mixture molten at 70°C, the mixture was
then adsorbed into 300 mg of mesoporous silica. Confocal laser scanning microscopic
images of the coumarin-loaded mesoporous silica were taken with LSM 710 and Axio

Inverted Microscope (ZEISS, Germany), and laser of 464 nm wavelength was used to excite
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the fluorescence coumarin.

2.5 X-ray powder diffraction (XRPD)

The crystalline characteristics of tacrolimus, drug-loaded LBDDS, mesoporous silica
and drug-loaded SLH were determined by XRD-6000 X-ray Powder Diffractometry
(Shimadzu, Japan) at 40kV and 40mA using Cu Ka radiation. The samples were measured in

the 26 range between 5° and 60° at a scan rate of 2.8° per second with step of 0.0167°.

2.6 Differential scanning calorimetry (DSC)

The physical state of tacrolimus, drug-loaded LBDDS, mesoporous silica and
drug-loaded SLH were measured with DSC-6 (Mettler-Toledo, Switzerland). Samples (about
5 mg) were weighed accurately and sealed in an aluminum pan and the DSC curves were
determined at a heating rate of 10°C/min from 25°C to 180°C under N, gas purge of 40

ml/min, and an empty pan was used as reference.

2.7 In vitro drug release

The in vitro release test was performed using the paddle method described in Chinese
Pharmacopoeia (2015) with small beakers using a ZRS-8G Dissolution Apparatus (Tianda
Tianfa Technology Co. Ltd., China). 100 ml of distilled water containing 0.005%
hydroxypropyl cellulose (adjust pH to 4.5 with phosphoric acid) was used as the dissolution
media according to USP 35, and the stirring speed was set at 50 rpm/min. Samples
equivalented to 1 mg of tacrolimus was placed in the dissolution medium, 3.0 ml of the
medium was withdraw from the beakers and replaced with the equal volume of fresh

dissolution medium at pre-determined time intervals. The medium was filtered through a
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membrane filter of 0.45 pm pore size (Millipore, USA), the content of tacrolimus was then
assayed by L-2000 High Performance Liquid Chromatography (HPLC) (Hitachi, Tokyo,
Japan), and the UV-vis detector was set at 210nm. Tacrolimus was analyzed using Dikma
ODS C18 chromatography column (200mmx4.6mm, Sum). The mobile phase consisted of
acetonitrile and distilled water (75:25, v/v) and was pumped at a flow rate of 1.0 ml/min at
the temperature of 50°C. Validation of assay method showed good linearity in the
concentration range of 0.5pg/ml to 12.0pg/ml (A=14669C+13.799, R?=0.999) and
precision (RSD<2%).

2.8 Properties of the powder
2.8.1 Density

Bulk, tapped, and true densities of the mesoporous silica powder, drug-loaded LBDDS
of formulation No.1 and drug-loaded SLH of formulation No.3 were measured with
methods in literatures [30,31]. About 0.5~1.0 g mesoporous silica, LBDDS or SLH were
placed in a graduated cylinder to measure the bulk and tapped density. Bulk density was
calculated by the equation mass/volume before tapping while the tapped density was
obtained after 100 taps to allow the powder volume to plateau. The true density was
measured as follows: about 0.5~1.0 g mesoporous silica, drug-loaded LBDDS or
drug-loaded SLH were compressed into tablet at maximum pressure, and the true density

was calculated by mass/volume of the tablet.

2.8.2 Flowability

Two methods were used to evaluate the flowability of the powders, ie. Carr’s index and
Hausner ratio, and the tilt method.
The Carr’s index and Hausner ratio could be calculated by Eq.1 and Eq.2, respectively
[32]
Carr’s index = (tapped density - bulk density)/tapped density (Eq. 1)
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Hausner ratio = tapped density/bulk density (Eq. 2)
And to measure the angle of repose, the cylindrical container with powder samples
which took up about 1/3 of the container volume was fluctuated, after the powder remained

repose, the angle formed by the surface of the powder was defined as the angle of repose.

2.8.3 Compressibility

About 300mg of pure silica or drug-loaded SLH powder was accurately weighed,
and the volume of the powder (V) was determined. Then, the powders were
compressed into flat tablet with a diameter of 13 mm using a single punch press at
pressure P and the maximum pressure, respectively, and the corresponded volumes of the
samples (V and V.) were determined. The slope (cis) calculated according to Heckel
equation (Eqg.3) was used to evaluate the powder compressibility.

hv/(NV -V )=c¢c.P+InV /(V,-V
vV -V.) =g oMVo=V.) g

3.Results and discussion

3.1 Morphology and physicochemical properties

The SEM images of mesoporous silica, drug-loaded SLH, and drug-loaded SLH after in
vitro drug release test were shown in Fig.1, A, B, and C. The mesoporous silica was small
particles with irregular shape and smooth surface, with the particle size ranging from 5
pm to 25 pm. The surface morphology, size and size distribution of the drug-loaded
SLH were similar with those of the mesoporous silica except for a small amount of
residual lipid material adhered on the surface. The CLSM image provided further insight
into the drug distribution inside the mesoporous silica particles (Fig.1,D). Green
fluorescence (owing to coumarin) was clearly visualized to be uniformly concentrated inside
the silica, which meant the active drug can be efficiently adsorbed into the mesoporous silica
together with the hot-melt LBDDS.

Fig.2 showed the DSC curves and the XRPD patterns of tacrolimus, drug-loaded

9
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ACCEPTED MANUSCRIPT

253  LBDDS, mesoporous silica and drug-loaded SLH, respectively. Tacrolimus showed an
254  endothermic peak at 130°C that corresponded to its melting point. The DSC curve of
255 drug-loaded LBDDS didn’t showed the endothermic peak of tacrolimus, and it
256  exhibited two endothermal peaks, which corresponded to the melting point of
257  Compritol 888 ATO (~70°C) and Gelucire 50/13 (~50°C), respectively. However, there
258  were no peaks of tacrolimus, Compritol 888 ATO or Gelucire 50/13 in the DSC curve of
259  drug-loaded SLH. As the drug content in both drug-loaded LBDDS and drug-loaded
260 SLH was very low (9.1% and 2.3% respectively), the results of DSC analysis could only
261 indicate that LBDDS existed in the mesoporous silica at amorphous state.

262 XRPD analysis could clearly describe the crystalline degree of materials. As seen in
263  Fig.2, B, the XRPD pattern of tacrolimus displayed multi-peaks in the range between
264  20=5° and 20=40°, while that of drug-loaded LBDDS had 3 peaks at 20=19°, 20=21°,
265 and 20=23°, respectively, which could be attributed to the presence of crystalline lipid.
266  The mesoporous silica and drug-loaded SLH showed no typical crystal peak, which
267 indicated that the drug-loaded LBDDS (mainly the lipids) existed inside the
268  mesoporous silica at amorphous state. Due to the extremely low content of tacrolimus, the
269  XRPD results could only give information that the mixed lipids in mesoporous silica was
270  presented at amorphous state, which was different to the crystalline state in LBDDS.

271

272 3.2 Invitro release of tacrolimus

273

274 The in vitro release test were conducted with the formulations obtained, and the
275  results were compared with that of commercial capsule (Table 1, Fig.3.). As shown in
276  Fig.3, A, for the raw tacrolimus, only about 50% of the drug could release within 24 h,
277  while the drug of commercial capsule released completely within 1 h. The drug-loaded
278  LBDDS and drug-loaded mesoporous silica free of lipids demonstrated fast release of 100%
279  within 2 h and 0.5 h, respectively. Drug-loaded SLH (formulation No.3) that was obtained
280 by co-loading of the lipid matrix and tacrolimus into the pores of mesoporous silica showed

281  extended and complete drug release at 24 h, which may be attributed to the retardation effect

10
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282  of the semisolid lipids matrix and the mesopores of the silica, as well as the solid dispersion
283  nature of the lipid carrier.

284 The mixed lipids composed of high melting point and weak hydrophilicity Compritol
285 888 ATO and low melting point and better hydrophilicity Gelucire 50/13 were used as the
286  carrier material of tacrolimus loaded LBBDS to improve the solubility/dissolution of
287  tacrolimus significantly. The mixed lipid at hot-melt state (about 70°C dependent on the ratio
288  of the two lipids) can readily dissolve water-insoluble tacrolimus, and after cooling down to
289  room temperature forms drug loaded solid dispersion. In our art, mesoporous silica was
290 directly introduced into the hot-melt lipid, the lipid and the tacrolimus dissolved in were
291 then adsorbed inside the mesopores under vacuum. After totally sucked in, the finally
292  obtained SLH was solid powder of good flowability, instead of wax-like, semi-solid state of
293  the mixed lipid. Different to the volatile organic solvents commonly used for loading
294  water-insoluble active drugs into mesoporous materials in previous studies, the hot-melt
295 lipid was not only used as the solvent to tacrolimus, but also the retardant material to sustain
296  drug release. The advantages of such organic solvent-free technique also include simple, low
297  cost/profit ratio, and environmental friendly, and by varying the ratio of the two lipids, it will
298  be easy to adjust the melting points and drug release rate.

299 One of the commonly faced difficulties in developing a lipid based modified release
300 formulation may lie in the instability of the lipid crystalline, and consequent changes on
301 the melting points of the carrier material and even the drug release behavior after storage
302  under ambient or challenged conditions.

303 Many researches had been devoted to investigate the impact of time and storage
304 condition on drug release of lipid-based modified release preparations. Normally, the lipid
305  excipients were glyceride mixtures and they naturally bore polymorphism that was the
306 main reason of changed drug release behavior over time due to the crystalline
307 transformation. Fig.3, B indicated significant change on in vitro drug release behavior
308 of tacrolimus loaded LBDDS (formulation No.1) after being stored at 40°C, a high
309 temperature, challenge condition. Ironically, no apparent differences on drug release

310 behavior of drug-loaded SLH (formulation No.3) were observed again after being

11
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311  stored for 10 d (Fig.3, C). The similarity factor f, of the two release curves was calculated

312 byEq4,
313 fz=50x|og{[1+1/nzn:(Rj—Tj)z]'°-5x100}
it (Eq.4)
314 The value of f, was 59.6, higher than 50, which demonstrated similar of the two release

315 curves. This result also indicated improved stability by loading the lipid carrier inside
316  mesoporous carrier. As the LBDDS was dispersed in the channels of mesoporous silica at
317 amorphous state, it was separated and restricted inside huge amount of fine pores in the
318  silica, thus the crystal growth of LBDDS or re-crystallization was greatly inhibited. In
319  addition, the LBDDS adsorbed in the pore was avoided the contact with atmospheric oxygen,
320  which would be helpful to improve the durability against oxidative degradation [33,34].

321 The ratios of drug to mixed lipids and Compritol 888 ATO to Gelucire 50/13 had a
322 marked influence on drug release behaviors (Fig.4, Aand B). With the decrease of the ratios
323  of drug to lipids, the release of tacrolimus from SLH remarkably decreased. When the ratio
324  of drug to lipids was 1:10, tacrolimus released slowly and completely at 24 h from the SLHs,
325 and higher or lower ratios resulted in fast release or uncompleted release even after 24 h
326 (Fig.4, A). The more content of Compritol 888 ATO in the mixed lipids, the slower the drug
327  release rate was observed (Fig.4, B).

328 Since the lipids used also played the role of retarding material to sustain drug release,
329 too high ratio of mixed lipids to tacrolimus used would lead to stronger inhibition effect
330  which limited the diffusion of tacrolimus outward and resulted in an uncompleted release,
331 while too low ratio was not enough to retard drug diffusion into medium and thus resulted
332 in fast release. As it is well known, the melting point and the HLB values of the lipids are
333  the most important properties when considering lipid excipients for extended drug release
334  formulation. The lipid with high melting point and low HLB value, such as Compritol 888
335 ATO, is more effective in retarding drug release [35-37]. As a hydrophobic lipid with a
336  melting point of 74°C and a HLB value of 2, Compritol 888 ATO may obviously inhibit the
337  diffusion of release medium into LBDDS, and subsequently retard the drug release; On the

338  contrary, Gelucire 50/13 is a more hydrophilic lipid with a melting point of 50°C and a
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339  HLB value of 13 [38,39], which can dissolve rapidly as soon as they contact with the release
340 medium and then enhances the dissolution of loaded drug.

341 The ratio of lipids to mesoporous silica was another important factor that greatly
342  influenced drug release behavior from the SLHs as presented in Fig.4, C. As the results
343  showed the co-loading of the lipid matrix and tacrolimus into mesoporous silica was
344  effective in retarding drug release, and the lower ratio of lipids to mesoporous silica
345  corresponded to slower drug release. When the ratio of lipids to silica was 1:1, the
346  formulation showed a relatively fast drug release of about 90% within 2 h, while with the
347  increase of silica, for example the ratios lower than 1:2, the drug release began to display the
348  sustained release behavior. What’s more, there was no obvious difference when the ratios
349  were 1:3 and 1:4. Thus, the significance of the ratio of lipids to silica in designing optimal
350  sustained-release composition was highlighted beyond doubt. This was because if the
351 amount of the silica was not enough to adsorb all the lipid completely (eg. the ratio of
352 lipid to silica higher than 1:2), the lipids together with the dissolved tacrolimus were
353 adsorbed on the surface of the mesoporous silica particles which resulted in a fast
354 release. According to the above results, formulation No.3 was selected as the optimum
355  one for further studies.

356 The in vitro drug release data of SLH (formulation No.3) was fitted very well to
357  first-order kinetic model (see Table 2), which indicated a diffusion-controlled mechanism of
358  finite dosed drug delivery device. The release of tacrolimus from SLH was a two-phases
359  process, ie, (1) diffusion of tacrolimus through the mesoporous channels to the surface of
360 silica carrier, and (2) release of tacrolimus to the medium. Phase 1 was obviously the
361 rate-control step of complete drug release process. The possible drug release process was
362  depicted and illustrated in Fig.5. For drug-loaded mesoporous silica, the organic solvent used
363  was completely removed after drug loading, tacrolimus was adsorbed on the inner surface of
364 the channels and presented at a highly dispersing state. The release medium penetrated into
365 the mesoporous channels just after its contacting with the medium, and drug molecules
366  diffused through the medium-filled channels, which led to a fast drug release. While for the

367 SLH, the situation was obviously different due to that the mesopores were filled with

13
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368 the mixed lipid that inhibited both the penetration of medium inward and the
369  release/diffusion of tacrolimus outward. Although the water-soluble lipid (Gelucire 50/13)
370 was readily dissolved into the release medium, the diffusion of tacrolimus through the
371 mesoporous channels filled with the residual water-insoluble lipid matrix was still relatively
372 slower (low diffusion coefficient) compared to that through the medium-filled channels like
373  inthe case of drug-loaded mesoporous silica.

374

375 3.3 Properties of the powder

376  3.3.1 Density

377

378 Powder densities, including true density, bulk density and tap density, of mesoporous
379  silica, SLH, and LBDDS were listed in Table 3. It could be seen that mesoporous silica
380 had the most significant difference between the bulk density and the tap density to the
381 true density, followed by SLH and LBDDS powders.

382

383  3.3.2 Flowability

384

385 To the best of our knowledge, flow behavior of the powders is a major concern in
386 handling and processing operation such as flow from hoppers and silos, transportation,
387  mixing compression and packaging [40], and it is also important to decide the dose
388 uniformity of drug preparations. The compressibility index and the closely related Hausner
389  ratio have become the simple and popular methods to predict the flow properties of powder
390 according to USP 35. The values of the Carr’s index and Hausner ratio of mesoporous silica,
391 SLH, and LBDDS were also determined and presented in Table 3. According to the
392 specification of flowability in USP 35, the LBBDS with a Hausner ratio of 1.09 and Carr’s
393 Index of 8.45, and the pure silica with a Hausner ratio of 1.25 and Carr’s Index of 20.0 were
394 classified as good-flowing and fair-flowing, respectively. While the SLH had an intermediate
395 flowability with a Hausner ratio lower than 1.18 (1.16) and Carr’s Index lower than 15

396  (13.75), which was also classified as good-flowing. The angle of repose measured by tilt
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397 method gave a direct indication to the flowability of the powders tested (Fig. 6). We could
398  draw the conclusion that the order of the flowability was LBDDS > SLH > pure mesoporous
399  silica, which was in accordance to the results of Hausner ratio and Carr’s Index.

400

401 3.3.3 Compressibility

402

403 The slope of compress curve of SLH calculated by Heckel equation was 0.16, which
404  was bigger than that of mesoporous silica (0.10). According to the theory of Heckel equation,
405  the slope reflects the degree of plastic deformation. The bigger the slope is, the better the
406  compressibility is. As shown in Fig.7 the tablet obtained from SLH showed smooth surface
407  and intact appearance, while the tablet obtained from mesoporous silica had relatively rough
408  surface and capped just after withdrawal from the die. It could be directly perceived that
409  SLH had better compactibility than mesoporous silica.

410 As a low density and rigid inorganic powder, mesoporous silica has poor flowability
411 and compressibility, which could hardly be compressed into tablet at all. LBDDS was
412 wax-like solid at room temperature, which could be readily crushed and grinded into fine
413  powder. What’s more, the LBDDS powder has a good flowability and apt to aggregate
414  during storage. In fact, Compritol 888 ATO has various properties, such as the lower
415  shear stress, appropriate melting point, high specific surface area, amphiphilic and film
416  forming tendency, and the use of lipid as lubricant initially in pharmaceutics could be
417  traced back to the 1980s [41,42]. As a low melting-point and wax-like powder, Compritol
418 888 ATO also played the role of binder in this study. The SLH powder was almost the same
419  as mesoporous silica in appearance. However, the key differences between mesoporous silica
420 and SLH powder were that SLH had a good flowability and compressibility which could be
421 compressed into tablet easily. No wonder the good flowability and compressibility of SLH
422  powder are mainly due to the good lubricity and plasticity of Compritol 888 ATO absorbed
423 on the surface of the silica.

424

425 4. Conclusion
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In this study, we provided a novel method to prepare a sustained release powder
containing tacrolimus by employing mesoporous silica as the carrier to adsorb

drug-loaded LBDDS. Using this method, the low melting-point, wax-like LBDDS could be

transformed to a rigid solid powder with good flowability, compressibility and compactibility.

By the combination of lipids and mesoporous silica, we successfully obtained a kind of
sustained-release powder, and the stability of LBDDS under challenge condition could also
be obviously improved. Such organic solvent-free technique supplied a novel, simple, low
cost, ecologically friendly and easy to obtain at industrial scale method to prepare tacrolimus
solid sustained-release powder, the powder we obtained had a better stability and
micromeritic properties, which could be made into dry suspension, granules, capsules, and

tablets according to the clinical requirements.
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557  Figure and Table legends

558  Fig. 1. SEM images of mesoporous silica (A), drug-loaded SLH (B) and drug-loaded SLH
559  after in vitro drug release test (C), and CLSM image of the coumarin loaded SLH (D, The
560 insert showed an enlarged image).

561  Fig. 2. DSC curves (A) and XPRD patterns (B) of drug-loaded LBDDS (a), mesoporous
562  silica (b), drug-loaded SLH (c) and tacrolimus(d).

563 Fig. 3. The in vitro release of raw tacrolimus, commercial capsules, drug-loaded
564  mesoporous silica, drug-loaded LBDDS and drug-loaded SLH (n=3) (A), the in vitro
565 release of drug-loaded LBDDS (B) and drug-loaded SLH (C) before and after being
566  stored at 40°C for 10 d (n=3).

567  Fig. 4. The in vitro release of tacrolimus from various formulations of drug loaded SLH
568 (n=3). The effect of the ratios of tacrolimus to mixed lipids (Compritol 888 ATO :

569  Gelucire 50/13=7 : 3 and mixed lipids : silica=1 : 3) on in vitro drug release (A), the
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effect of the ratios of Compritol 888 ATO to Gelucire 50/13 (tacrolimus : mixed
lipids=1 : 10 and mixed lipids : silica=1 : 3) on in vitro drug release (B) and the effect of
the ratios of mixed lipids to mesoporous silica (Compritol 888 ATO : Gelucire 50/13=7 :
3 and tacrolimus : mixed lipids=1 : 10) on in vitro drug release (C) .

Fig. 5. The processes of drug loading and drug release from the drug-loaded SLH. Phase 1:
Diffusion of tacrolimus through the mesoporous channels to the surface of silica carrier;
Phase 2: Release of tacrolimus to the media.

Fig. 6. Flowability of LBDDS (A), mesoporous silica (B) and SLH (C) evaluated by tilting
angles.

Fig. 7. The appearance of the tablets compressed from pure silica (A) and SLH (B),

respectively.

Tables:
Table 1 Formulations of tacrolimus loaded LBDDS and SLH
No. Ingredients, mg
Tacrolimus  Compritol888 ATO Gelucire 50/13 Mesoporous Silica

1 20 140 60

2 20 70 30 360
3 20 140 60 660
4 20 210 90 960
5 20 120 80 660
6 20 160 40 660
7 20 140 60 220
8 20 140 60 440
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10

20 140 60 880

20 800

Table 2 The release patterns of tacrolimus loaded SLH

Release pattern Fitting equation R?

First order Ln(1-Q)=0.1973t-0.1094 0.9939
Higuchi Q= 21.955t"%+7.4484 0.8528
Korsmeyer-Peppas Q=5.5596t"% 0.8715

Table 3 Density and flow properties of mesoporous silica, SLH and LBDDS

Bulk density ~ Tap density ~ Ture density  Carr’s Hausner
mg/cm® mg/cm® mg/cm® index ratio
Mesoporous silica 298 373 1340 20.00 1.25
LBDDS 441 482 1080 8.45 1.09
SLH 448 519 1480 13.75 1.16
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