
Research paper

Design of pH-sensitive microspheres for the colonic delivery

of the immunosuppressive drug tacrolimus

Alf Lamprecht, Hiromitsu Yamamoto, Hirofumi Takeuchi, Yoshiaki Kawashima*

Laboratory of Pharmaceutical Engineering, Gifu Pharmaceutical University, Gifu, Japan

Received 23 September 2003; accepted in revised form 9 January 2004

Available online 27 March 2004

Abstract

Recently, tacrolimus was shown to be effective in mitigating inflammatory bowel disease (IBD). In the treatment of IBD, oral drug

delivery using pH-dependent polymers is one of the most successful therapeutic strategies. Eudragit P-4135F, a pH-sensitive polymer for

colonic delivery was used to prepare tacrolimus microparticles using an oil/oil emulsification or an oil/water emulsification technique

combined with a solvent extraction or evaporation step. Although the pH-dependent drug release was similar for all types of microspheres, it

was generally found that encapsulation rates of oil/water systems (extraction 38.8 ^ 9.4%; evaporation 56.3 ^ 1.9%) were superior to the

oil/oil emulsification (4.8 ^ 0.4%). Eudragit P-4135F was found to limit drug leakage at pH 6.8 to levels lower than 10% within 6 h. At pH

7.4, almost immediate release (within 30 min) was observed. From differential scanning calorimetry and X-ray analyses, the drug inside the

polymeric microsphere matrix was concluded to be present in a molecular dispersion. Generally, all formulations proved their applicability in

vitro as a promising device for pH-dependent colonic delivery of tacrolimus, however, the oil/water technique was found to be superior to the

oil/oil approach and among them solvent evaporation seemed to be more advisable, due to the higher encapsulation rate.

q 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The usual treatment of inflammatory bowel disease

(IBD) consists of the frequent intake of anti-inflammatory

drugs at high doses in order to induce remission of the active

disease. To avoid the absorption of these drugs from the

small intestine, provoking significant adverse events,

several strategies have been followed. These include the

development of prodrugs that deliver drugs specifically to

the large bowel after cleaving the active part from the

hydrophilic carrier by specific bacterial enzymes in the

colon [1–3] and the development of solid dosage forms that

release the drug in the colon in response to the physiological

environment [4–6]. Sustained drug release devices, e.g.

pellets, capsules, or tablets, delivering the drug specifically

in the colon for a longer time period have been developed.

However, their efficiency seems to be decreased in many

cases due to diarrhea, a symptom of IBD that enhances

the elimination and reduces the possible drug release time

[7,8]. As reported in previous work, drug carrier systems

with a size larger than 200 mm are subjected to the diarrhea

symptoms, resulting in a decreased gastrointestinal transit

time and therefore to a distinct decrease in efficiency [7,8].

In this context the size reduction of the drug carrier

downwards to micron size seems to be an interesting option.

Recently, tacrolimus, initially used as an immunosup-

pressive drug to inhibit transplantion rejection, was

successfully introduced to the treatment of IBD as clinical

studies reported from the use in refractory ulcerative colitis

[9,10]. Unfortunately, since the immunosuppressive mech-

anism of action is not selective, and tacrolimus is known for

its distinct nephrotoxicity, adverse effects may be expected

when the drug is not delivered locally. Therefore, the use of

a system providing local delivery is strongly advised in

order to benefit from the excellent pharmacological effect of

tacrolimus. Most of the commercialized systems for local

drug delivery to the lower intestine after oral administration

are based on the change of pH during the gastrointestinal

passage. The pH-sensitive polymers such as methacrylate/

methacryl acid Eudragitw S and L dissolve in aqueous
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media at pH 6 and 7, respectively, which may be equivalent

to a drug release to the distal ileum. In cases of ulcerative

colitis which mainly affects distal parts of the colon, an early

drug loss towards non-inflamed tissue of the upper colon

may lower the efficiency and risk distinct adverse effects.

Recently, a new polymer has been developed for use in

colon delivery specified for particularities in luminal pH

based on the pathophysiological characteristics of IBD,

namely Eudragitw P-4135F. It has been used for film

coating purposes on pellets, tablets and the preparation of

microspheres [11–13].

A colon specific drug delivery by microsphere formu-

lations has been described for several anti-inflammatory

drugs [14–16]. In those microsphere preparations the pH-

sensitive polymers Eudragitw S and L were employed.

Usually, the preparation methods consisted of an oil/oil

emulsification process where Eudragitw S or L are dissolved

in an acetone/2-propanol mixtures and emulsified in liquid

paraffin [12,15,16].

Since this oil/oil emulsification is mainly applicable to

more hydrophilic drugs, alternatives for this preparation

method might be interesting for lipophilic compounds, such

as tacrolimus. In this work we describe the preparation of

tacrolimus pH-sensitive microspheres by different oil/water

emulsification techniques including solvent evaporation or

extraction. The characteristics of the developed micro-

spheres were compared with the results of an oil/oil

emulsification method, which was used as a standard.

2. Materials and methods

2.1. Materials

Eudragitw P-4135F was a kind gift from Roehm Pharma

Polymers, Tokyo, Japan, Tacrolimus (FK506, highly

lipophilic macrolide drug; solubility in distilled water at

293 K: 482 ^ 122 mg/l ðn ¼ 5Þ; soluble in apolar solvents,

ethanol and acetone) was received as a gift from Fujisawa

(Osaka, Japan). Polyvinyl alcohol (Mw 20 000 Da, 80%

hydrolyzed) was purchased from Sigma (Deisenhofen,

Germany). All other chemicals were obtained from Nacalai

Tesque Inc. (Kyoto, Japan) and were of analytical grade.

2.2. Methods

2.2.1. Preparation of microspheres

The preparation of microspheres was either based on an

oil/water emulsification—solvent evaporation or solvent

extraction method. The usually employed oil/oil emulsifica-

tion process is given as a standard in the preparation of

tacrolimus microspheres. For all different techniques a fixed

amount of polymer (200 mg) and drug (20 mg) were used.

2.2.1.1. Oil/oil emulsification. The polymer and tacrolimus

were dissolved in a mixture of 3 ml acetone and 2 ml ethanol.

This solution was poured into 80 ml of liquid paraffin

containing 1% (w/w) Span 80 and an oil/oil emulsion was

formed by stirring with a three-blade propeller at

800 rev./min. The emulsion was stirred under vacuum

until solvents were removed. Microspheres were collected

by filtration and washing steps were performed with

n-hexane before redispersion in distilled water followed

by lyophilization.

2.2.1.2. Oil/water emulsification—solvent evaporation. The

polymer was dissolved in 3 ml methylene chloride together

with tacrolimus. This solution was poured into 75 ml of 1%

(w/w) polyvinyl alcohol and an oil/water emulsion was

formed by extensive stirring with a three-blade propeller at

500 rev./min. The system was kept under agigation until

methylene chloride was evaporated. After decantation, the

microspheres were filtered (HVLP filter, Millipore, pore

size 0.45 mm), washed extensively with distilled water and

lyophilized overnight.

2.2.1.3. Oil/water emulsification—solvent extraction. The

polymer was dissolved in 4 ml ethyl acetate together with

tacrolimus. This solution was poured into 20 ml of 1%

(w/w) polyvinyl alcohol and an oil/water emulsion was

formed by extensive stirring with a three-blade propeller at

400 rev./min. The system was stirred at 500 rev./min for

3 min and then poured into 200 ml of 0.1% polyvinyl

alcohol solution, while stirring was maintained for another

3 min. Thereafter, the microspheres were filtered (HVLP

filter, Millipore, pore size 0.45 mm), washed extensively

with distilled water and lyophilized overnight.

2.2.2. Scanning electron microscopy

The external and internal morphology of microspheres

was analyzed by scanning electron microscopy (SEM). The

microspheres were fixed on supports with carbon-glue, and

coated with gold using a gold sputter module in a high-

vacuum evaporator. Samples were then observed with the

SEM (JEOL JSM-T330A scanning microscope, Tokyo,

Japan) at 10 kV.

2.2.3. Particle size analysis

All microsphere batches were analyzed for their size

distribution using a LDSA 2400A particle size analyzer

(Tohnichi Computer Co., Ltd, Tokyo, Japan). Volume

distribution was plotted using a computer program supplied

by the manufacturer.

2.2.4. Differential scanning calorimetry

Differential scanning calorimetric (DSC) curves were

recorded on a scanning calorimeter equipped with a thermal

analysis data system (Seiko Instruments DSC 6200, Tokyo,

Japan). Samples (7 mg) were heated in sealed aluminum

pans from 25 to 200 8C at a scanning rate of 10 8C/min

under nitrogen purge, with an empty aluminum pan as

reference.
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2.2.5. X-ray diffractometry

Samples were studied in a wide angle X-ray diffracto-

meter (Rigaku Geigerflex, Rigaku Denki Co., Ltd, Tokyo,

Japan). The instrument was operated in the step scan mode

from 5 to 408 2u; in increments of 0.028 2u:

2.2.6. Determination of drug content

The drug loading efficiency in the microparticles was

determined by high performance liquid chromatography

(HPLC) after extraction from the particles. Microspheres

were dissolved in 600 ml of an acetone–ethanol mixture

(2:1). Six milliliters of acetonitrile were added to this

solution and vortexed for 5 min. The samples were

centrifuged at 10 000g for 20 min and the supernatant was

diluted 1:10 before injection into the HPLC system. A

previously published HPLC method [17] was adapted to our

requirements and system setup was as follows: RP-18

column (Finepak SIL C18-5, JASCO Co., Japan); eluent:

acetonitrile:water:phosphoric acid (700:299:1); flow rate

1.5 ml/min. Tacrolimus was detected by UV absorbance at

210 nm, samples of 50 ml were injected into the column.

2.2.7. In vitro drug release

The in vitro drug release was analyzed by the use of a

paddle apparatus (USP XXIII). Drug-loaded microparticles

were suspended in 100 ml phosphate buffer systems of

different pH. The dissolution medium was kept under

stirring at 100 rev./min. All the experiments were carried

out at 37 8C for 6 h. Aliquots of the dissolution medium

(300 ml) were withdrawn at predetermined time intervals.

Drug concentrations were directly analyzed by the HPLC

method described before.

3. Results and discussion

Eudragitw P-4135F belongs to the pH-sensitive

Eudragitw group of polyacrylates, such as S100 and L100,

exhibiting a dissolution threshold pH slightly above 7.2

[18]. The characteristic polymer dissolution pattern is

shown in Fig. 1. These properties are based on its structure,

synthesized by co-polymerization of methacrylic acid

(10%), methyl acrylate (65%) and methyl methacrylate

(25%). As reported earlier, one major advantage compared

to the previously employed Eudragitw S100 and L100 is its

solubility in methylene chloride [19]. For this reason

alternative microsphere preparation methods can be applied

replacing the complicated oil/oil emulsification process

used in prior formulations [12,15,16]. This may avoid the

use of an external oily phase as well as a long-term solvent

evaporation under vacuum and the washing steps producing

a distinct quantity of additional solvent waste. One proposed

alternative is the oil/water emulsification which has been

extensively applied to the development of microspheres.

As a standard procedure, microspheres were prepared by

the oil/oil emulsification based on the technique reported

earlier [12,15,16]. That the particles do not appear perfectly

spherical might be due to the high viscosity of both, internal

and external phase (Fig. 2). The microsphere surface was

smooth, but exhibited pores of a varying diameter. Since

tacrolimus displays a certain solubility in the external

paraffin phase, the encapsulation rate was found to be very

low (Table 1). In feasibility studies, the fluorescent dye,

6-coumarin, showed a similar behavior resulting in a distinct

dissolution inside the external oil phase (data not shown).

One can, therefore, conclude that this method might not be

suitable for the encapsulation of a rather lipophilic drug into

microspheres based on the pH-sensitive Eudragit polymers

since high drug load might not be achieved. Earlier reports

regarding the microencapsulation by pH-sensitive Eudra-

gitw polymers describe, to our knowledge, exclusively the

incorporation of more hydrophilic compounds.

Despite the low encapsulation rate and the large pores,

which were detected at the particle surface, the drug release

was strongly pH-dependent in all experiments. When

microspheres were incubated in phosphate buffer of pH

1.2 and 6.8, only a very low drug leakage was observed

(Fig. 3a). After 6 h of incubation all values of the released

tacrolimus amount recovered from the supernatant were

below 10% of the initial drug load. Such results are

comparable with results from film coated pellets which

displayed a similarly efficient drug retention [11], although

the diameter of these microspheres was found to be even

lower than the film thickness of the reported pellets. At a pH

of 7.4, the polymer dissolved rapidly and the microsphere

disintegration resulted in an immediate drug release.

In the case of the oil/oil method, a slight retention of drug

release at pH 7.4 was observed in comparison with the

oil/water methods (Fig. 3b and c). This may have two

reasons, such as a lower drug concentration near the particle

surface, as well as the protecting layer of the Span 80, which

might not be completely removed by the different washing

steps. Thus, the surfactant still orients its lipophilic ends

towards the external phase. This may reduce the easy

Fig. 1. Dissolution profile of Eudragitw P-4581F for a pH range from pH 6

to 8. All results are shown as mean ^ SD.
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contact of the aqueous phosphate buffer system to the

particle surface and the fast dissolution of the polymer.

When employing oil/water emulsification, microsphere

solidification was performed either by solvent evaporation

Fig. 2. SEM images of microspheres prepared with Eudragitw P-4581F

using either an oil/oil (a) or an oil/water emulsification process including a

solvent evaporation (b) or solvent extraction step (c).

Table 1

Characteristics of Eudragitw P-4581F microspheres prepared by the

different methods

Oil/oil Oil/water

evaporation

Oil/water

extraction

Diameter (mm) 113.8 ^ 14.8 157.8 ^ 11.9 133.8 ^ 14.8

Yield (%) 98.5 ^ 10.1 82.6 ^ 3.4 91.5 ^ 6.2

Encapsulation

rate (%)

4.8 ^ 0.4 56.3 ^ 1.9 38.8 ^ 9.4

Fig. 3. Cumulated tacrolimus (FK506) release versus time of different

Eudragitw P-4581F microsphere formulations (O/O emulsification (a) or

O/W process/solvent evaporation (b) or O/W process/extraction step (c)) in

phosphate buffer systems of pH 1.2, 6.8, and 7.4 ðn ¼ 3Þ: All results are

shown as mean ^ SD.
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or solvent extraction. The particle size distribution was

found to be only slightly different for both methods,

however, the encapsulation rates between the two methods

differed distinctly (Table 1). In contrast to observations for

the entrapment of hydrophilic compounds, more lipophilic

drugs exhibit higher incorporation efficiency through the

use of solvent evaporation compared to solvent extraction.

A long-term contact of the organic polymer phase with the

external aqueous phase prior to particle solidification,

mainly found in the case of a solvent evaporation process,

might lead to an enhanced drug loss by the longer diffusion

time period. In such a case a faster solidification seems to be

desirable, which can be achieved by solvent extraction. For

lipophilic drugs, however, other factors play dominant roles.

Although a nearly immediate particle solidification

during the solvent extraction can be achieved, lower

encapsulation rates were obtained. Ethyl acetate diffuses

into the external aqueous phase during the solvent diffusion

due to its miscibility with the external aqueous phase.

Indeed, the drug has a good solubility in the organic phase,

which enhanced significantly its transport towards the

aqueous phase during solvent diffusion. Thus, the organic

solvent ‘extracted’ the drug out of the particle matrix during

the polymer precipitation. This phenomenon has been also

observed during nanoparticle preparation by using a

nanoprecipitation method. In this case, the use of water

miscible solvents caused significant drug loss towards the

aqueous phase during particle solidification [20,21]. The

mechanism is furthermore enhanced by the increased

solubilization of tacrolimus in the external aqueous phase

by the presence of polyvinyl alcohol.

The drug release was found to show generally similar

behavior at the respective pHs (Fig. 3b and c). Tacrolimus

was retained efficiently inside the microspheres when tested

in in vitro buffer systems at pH 1.2 and 6.8. Again, around

90% of the initial drug load was maintained inside the

particle matrix after 6 h of incubation. A comparatively fast

release was observed at pH 7.4, which delivered about 100%

of the incorporated drug within 60 min.

When comparing evaporation and extraction process, a

slightly faster drug release occurred after solvent extraction

at pH 7.4. Also the leakage from the particle matrix at pH

6.8 and below was slightly enhanced. During the solvent

extraction step, ethyl acetate diffuses into the external

aqueous phase subsequently leading to the solidification of

the microspheres. Simultaneously, the solvent also extracts

a certain amount of the drug which is in favor of a drug

location near the particle surface.

Moreover, the differences in the particle diameter may

also have an influence on the drug release as the micro-

spheres after solvent extraction are smaller, exhibiting a

larger surface for an enlarged drug diffusion. Calculations

based on the mean diameter demonstrated that the smaller

microspheres prepared by solvent extraction exhibit an

overall 18% larger surface compared the only slightly

bigger ones after the evaporation process. Also the drug

leakage from oil/oil emulsification microspheres was

observed to be higher than from oil/water microspheres

while their mean diameter was distinctly lower. Therefore,

the conclusion that the drug release at pH 7.4 as well as the

drug leakage at pH 6.8 is dependent on the particle surface

area may also appear appropriate.

The drug entrapped in the different MS formulations was

found to be stable for at least 3 months at room temperature

in a desiccator and under light exclusion. Using DSC,

transition temperatures of tacrolimus and Eudragit P-4135F

were observed at 48 and 132 8C (Fig. 4). Both peaks were

also distinctly visible in their physical mixture of 1:12

which corresponds to their respective mass ratio in the

microsphere formulation. However, such peaks were found

neither in the blank nor in the drug-loaded microspheres.

Fig. 4. DSC thermogram of tacrolimus (FK), physical mixture of tacrolimus

and Eudragitw P-4581F (FS þ FK), Eudragitw P-4581F alone (FS), and

microsphere formulations of O/W emulsification solvent evaporation

(MSdcm), O/W emulsification solvent extraction (MSea), and O/O

emulsification (MSo/o).

Fig. 5. SEM image of a microsphere cross-section prepared with Eudragitw

P-4581F using oil/water emulsification process including a solvent

evaporation step.
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It might be reasonable that the incorporated drug is present

in a molecular dispersed form inside the particle matrix.

Also in SEM analysis of microsphere cross-sections no

indications for drug crystals were found (Fig. 5).

Moreover, X-ray analysis supported this hypothesis that

tacrolimus was not present in a crystal state inside the

particle matrix (Fig. 6). Only the reference of free drug

crystals showed characteristic peaks at around 17 and 198 u;

while the polymer, blank as well as drug loaded micro-

spheres did not show any signal. This molecular dispersion

of tacrolimus may favor efficient drug retention during the

release experiments at lower pH. The observed drug

retention for other drugs with different solubility properties

was found to be distinctly less efficient [19]. Lipophilic

interactions of FK506 with the polymer seem to be a reason

for retaining the drug inside the microcarrier at pH 6.8 and

below. However, due to the low drug/polymer ratio in the

microspheres infrared analyses did not show clear proof for

this type of interaction.

Subsequently, the above-mentioned pores may have only

a small effect on the drug release, since the drug is

molecularly dispersed inside the particle matrix. Compared

to the incorporation of hydrophilic compounds, a lower drug

leakage might be expected since the drug cannot be reached

by microchannels which can enhance an early drug loss for

hydrophilic compounds. In general, the efficiency of such a

matrix system might be even enhanced compared to coating

approaches.

4. Conclusions

A colon specific microparticulate drug delivery system

for tacrolimus was developed by two different emulsifica-

tion methods (oil/oil and oil/water). A relatively higher drug

load can be achieved by the oil/water methods. However, a

pH-dependent release can be provided by all different

systems. At pH 6.8, the main drug load is retained inside

the polymer matrix, and at pH 7.4, a fast dissolution of

the carrier occurs. SEM, DSC, and X-ray diffraction

permitted a structural analysis where a molecular dispersion

of the drug inside the polymeric microsphere matrix was

observed which allowed such efficient drug retention of the

incorporated drug. Generally, all formulations demonstrated

their applicability in vitro as a promising device for pH-

dependent colon delivery of tacrolimus, however, the

oil/water technique was found to be superior to the oil/oil

approach.

Acknowledgements

Alf Lamprecht acknowledges the financial support by the

Japanese Society of Promotion of Science with the

JSPS/Alexander-von-Humboldt-Foundation Postdoctoral

Fellowship No. P-02701.

References

[1] D.R. Friend, Colon-specific drug delivery, Adv. Drug Deliv. Rev. 7

(1991) 149–199.

[2] A. McLeod, D.R. Friend, T.N. Tozer, Glucocorticoid–dextran

conjugates as potential prodrugs colon-specific delivery: hydrolysis

in rat gastrointestinal tract contents, J. Pharm. Sci. 83 (1994)

1284–1288.

[3] R. Fedorak, B. Haeberlin, L.R. Empey, N. Cui, H. Nolen III, L.D.

Jewell, D.R. Friend, Colonic delivery of dexamethasone from a

prodrug accelerates healing of colitis in rats without adrenal

suppression, Gastroenterology 108 (1995) 1688–1699.

[4] A. Rubinstein, Approaches and opportunities in colon-specific drug

delivery, Crit. Rev. Ther. Drug Carrier Syst. 12 (1995) 101–149.

[5] P.J. Watts, L. Illum, Colonic drug delivery, Drug Dev. Ind. Pharmcol.

23 (1997) 893–913.

[6] R. Kinget, W. Kalala, L. Vervoort, G. van den Mooter, Colonic drug

targeting, J. Drug Target. 6 (1998) 129–149.

[7] F.H. Hardy, S.S. Davis, R. Khosla, C.S. Robertson, Gastrointestinal

transit of small tablets in patients with ulcerative colitis, Int.

J. Pharmcol. 48 (1988) 79–82.

[8] P.J. Watts, L. Barrow, K.P. Steed, C.G. Wilson, R.C. Spiller, C.D.

Melia, M.C. Davies, The transit rate of different-sized model dosage

forms through the human colon and the effects of a lactulose-induced

catharsis, Int. J. Pharmcol. 87 (1992) 215–221.

[9] K. Fellermann, D. Ludwig, M. Stahl, T. David-Walek, E.F. Stange,

Steroid-unresponsive acute attacks of inflammatory bowel disease:

immunomodulation by tacrolimus (FK506), Am. J. Gastroenterol. 93

(1998) 1860–1866.

[10] N. Matsuhashi, A. Nakajima, K. Watanabe, Y. Komeno, A. Suzuki, S.

Ohnishi, M. Omata, K. Kondo, Y. Usui, J.I. Iwadare, T. Watanabe, H.

Nagawa, T. Muto, Tacrolimus in corticoid-resistant ulcerative colitis,

J. Gastroenterol. 35 (2000) 655–657.

[11] M. Rudolph, S. Klein, T.E. Beckert, H.U. Petereit, J.B. Dressman, A

new 5-aminosalicylic acid multi-unit dosage form for the therapy of

ulcerative colitis, Eur. J. Pharmcol. Biopharm. 51 (2001) 183–190.

[12] Y.I. Jeong, Y.R. Prasad, T. Ohno, Y. Yoshikawa, N. Shibata, S. Kato,

K. Takeuchi, K. Takada, Application of Eudragit P-4135F for the

delivery of ellagic acid to the rat lower small intestine, J. Pharm.

Pharmacol. 53 (2001) 1079–1085.

[13] Z. Hu, T. Shimokawa, T. Ohno, G. Kimura, S.S. Mawatari, M.

Kamitsuna, Y. Yoshikawa, S. Masuda, K. Takada, Characterization of

Fig. 6. X-ray analysis of Eudragitw P-4581F, tacrolimus, physical mixture

of tacrolimus and Eudragitw P-4581F, microsphere formulations of O/W

emulsification solvent evaporation, O/W emulsification solvent extraction,

and O/O emulsification (graphs are shown in the mentioned order from top

to bottom).

A. Lamprecht et al. / European Journal of Pharmaceutics and Biopharmaceutics 58 (2004) 37–4342



norfloxacine release from tablet coated with a new pH-sensitive

polymer, P-4135F, J. Drug Target. 7 (1999) 223–232.

[14] S.Y. Lin, J.W. Ayres, Calcium alginate beads as core carriers of

5-aminosalicylic acid, Pharmcol. Res. 9 (1992) 1128–1131.

[15] M.L. Lorenzo-Lamosa, C. Remunan-Lopez, J.L. Vila-Jato, M.J.

Alonso, Design of microencapsulated chitosan microspheres for

colonic drug delivery, J. Control. Release 52 (1998) 109–118.

[16] M. Rodriguez, J.L. Vila-Jato, D. Torres, Design of a new multi-

particulate system for potential site-specific and controlled drug

delivery to the colonic region, J. Control. Release 55 (1998) 67–77.

[17] T. Akashi, T. Nefuji, M. Yoshida, J. Hosoda, Quantitative

determination of tautomeric FK506 by reversed-phase liquid

chromatography, J. Pharmcol. Biomed. Anal. 14 (1996) 339–346.
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