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Abstract: Problem statement: Cyclodextrin complexation has previously been shdw improve the
solubility and dissolution properties of trimethmpyr however, no report provides an account of ttfiece
cyclodextrin complexation has on the antibactea@lvity of this agentApproach: (3-cyclodextrin and 2-
hydroxypropyl B-cyclodextrin inclusion complexes of trimethoprimeng prepared and confirmed by
differential scanning calorimetry and proton nucleegnetic resonance. Thevitro antibacterial activity,

in terms of minimum inhibitory concentrations, ofctodextrin-drug complexes were compared to
uncomplexed free trimethoprim by a broth-microddant method against several sensitive and resistant
Gram-positive and Gram-negative bacteria. The eftdccomplexation on the apparent permeability
coefficients was also determined using a Caco-teability assay to account for potential alteragiam
bioavailability that could influencen-vivo antibacterial activity.Results: Inclusion complexation of
trimethoprim with both unsubstituted and hydroxgthtversions of-cyclodextrin produced a reduction in
the MIGg required to inhibit the growth of. aureus ATCC 29213,S. pneumoniae ATCC 4961,S
epidermidis ATCC 14990 ancE. coli ATCC 25922 (p>0.05). The effect was limited to teai@a normally
susceptible to trimethoprim. Neither complex negdi affected the antibacterial activity of trimegrim.
Hydroxypropylf-cyclodextrin and3-cyclodextrin inclusion complexes significantly (p€1) increased the
apparent intestinal permeability of trimethoprim 89.8 and 56.1%, respectively. Considering theceffe
cyclodextrin inclusion complexation has on the lzetierial activity of trimethoprim, the improved
intestinal permeability of these complexes haspihiential to improve then-vivo antibacterial activity of
the agent by enhancing the steady-state concemtrafithe drug when dosed orall@onclusion: These
results would suggest that physical complexatioth vdither of these cyclodextrins would provide a
feasible strategy to improve the pharmaceuticalgratmacokinetic properties of trimethoprim.

Key words: Antibacterial activity, trimethoprim, 2-hydroxyprglp [-cyclodextrin, inclusion complex,
antimicrobial activity, caco-2 cells, Differenticdcanning Calorimetry (DSC), Minimum
Inhibitory Concentrations (MIC). aureus

INTRODUCTION moderate cases of acute or chronic prostatitis. \Whe
combined with other antimicrobials such as
sulfamethoxazole, polymyxin B or dapsone the dhhic

. N . : . usefulness of TMP extends to the prevention or
trimethoxybenzyl)pyrimidine] (Fig. 1) is a syntheti treatment of P. jiroveci, P. carinii, L.

broad spectrum bacteriostatic agent, which inhibitsimnocytogenes Nocardia spp Senotrophomonas
bacterial dihydrofolate reductase. TMP, when usegpgltophilia, Burkholderia  pseudomallei (ie.,

alone, remains clinically important for the treatthef  melioidosis), Shigella spp, E. coli, cerebral
uncomplicated urinary tract infections and mild-to- toxoplasmosis, pertussis and nocardi@ratitis.
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the antibacterial activities of these complexes garmd

to uncomplexed TMP against a range of sensitive and
inherently resistant bacteria. This investigatiosoa
compares the intestinal permeability of uncomplexed
and complexed TMP to highlight potential
pharmacokinetic differences that could influerice
Vivo antibacterial activity. Assessing the
physicochemical attributes of complexes was not an
objective of this investigation.

MATERIALSAND METHODS

Materials: TMP, BCD and HBCD were purchased
) ) ) from Sigma-Aldrich (St Louis, USA). HPLC grade
Fig. 1: Structure of trimethoprim organic solvents were sourced from Merck (Darmstadt
_ Germany). All other chemicals were reagent grade T
Previous research demonstrated that the aqueoygater used throughout the investigation was degwhis
solubility of TMP significantly increased (2.2-fQld  gn( filtered by a MilliQ-Academic system.
when complexed witlf8-CycloDextrin 3CD) and the

invitro diss_olution property of thBCD-TMP complex_ Preparation of the inclusion complexes of
was superior to both TMP and the correspondinginethoprim with CDs: Complexes were prepared by
physical mixture of B-CD:TMP (Li et al., 2005;  4qding 1:1 Molar ratios of TMP and respective CBin
Souseet al., 2005). . 1 L litre of water and stirred until all solid maitds
Cyclodextrin (CD) complexation has been showngissolved. The resultant solutions were Qué filtered
to alter the activity of severaB-lactam antibiotics (Millipore, Type HV, pore size 0.45um) and
against a diverse panel of clinical isolates (AH®E0OU  {snsferred to round bottom flasks, frozen at°@0

gt al., 2003). Th_e gntlbacterlal activities of these CD'(Sanyo) and subjected to freeze-drying using asthri
included antibiotics were shown to increase,Apha 1-4 LD freeze dryer (Martin Christ
particularly against Gram-negative bacteria. Thegefriertrocknungsanlagen GmbH, Germany), at -57°C
nature and degree of substitution on CDand 0.035 mbar. The freeze dried product was ground
macromolecules were proposed to be the predominaiy mortar and pestle and sieved to obtain a reltiv
factors influencing the antimicrobial activity. uniform particle size.

(Athanassiotet al., 2003) Two mechanisms for these

observed effects were suggested that may havgharacterisation of the inclusion complexes:
relevance to our investigation. Firstly, severateou |nclusion complex formation was confirmed by
membrane bacterial proteins similar to CymA mayDifferential Scanning Calorimetry (DSC), InfrarelR)
have facilitated the penetration of the CD-drugspectroscopy (data not shown) and proton nuclear
complexes (Pajatscét al., 1998; 1999; Orliket al.,  magnetic resonancéH NMR) spectroscopy adapting
2003). CymA is an identified component of the outerpreviously reported protocols (Echezarreta-Lomtz
membrane ofklebsiella oxytoca that functions as a al., 2002; Sousaet al., 2005) using methodology
porin specific for CD (Orliket al., 2003). Secondly, similar to that described by (Wet al., 2010).
CD molecules may have potentially destabilized the DSC measurements were performed using a
outer membrane of the bacteria, which eventualiylle Linseis STA Platinum Series analyser (Linseis
to an increase in the diffusion rate of tBdactam Messgeraete GmbH, Germany). Pure TMECD,
antibiotics (Athanassioet al., 2003). HPBCD, respective equimolar physical mixtures and
Based on these findings, it is possible that CDcomplexes were dried prior to thermal analysis.
complexation, in additon to altering the Samples (10 mg) were placed into an aluminium
physicochemical properties of TMP, may alter itscrucible fitted with a perforated lid and scannegroa
antimicrobial activity. Previous investigations dimbt temperature range of 30-4@ at a heating rate of6
provide an account of the biological propertiesC8f-  min™.
TMP complexes. Given thi§CD and 2-hydroxypropyl M NMR spectra of TMP, BCD, HFBCD,
B-CD (HPBCD) complexes of TMP were prepared andrespective equimolar physical mixtures and commexe
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were acquired on a 600MHz Bruker Avance suspension tubes in a Vitek 2 ‘Densichek’ photoietr
spectrometer equipped with a cryoprobe at 298K, inurbidity meter (Biomérieux Inc., Durham, USA).
D,0O using DSS (2,2-dimethyl-2-silapentane-5-sulfonic
acid) as an internal standard. Antibacterial assay: A series of broth microdilution
tests were performed to determine the Minimum
Content analysis of trimethoprim-CD complexes: In  Inhibitory Concentrations (MIC) of TMPBCD and
order to compare antibacterial activities, it wasHPBCD complexes for each bacterial strain. Testing
necessary to determine the TMP content of formedvas performed in accordance with the Clinical and
complexes. A Shimadzu Biospec-mini Laboratory Standards Institute (CLSI) guidelines fo
spectrophotometer was used to determine the UVbroth microdilution testing. About 10QL of the
absorbance profiles (230-400 nm) of TMP andantibiotic-containing media was pipetted into the
equimolar solutions of CD-TMP complexes. TMP appropriate ‘U’ shaped wells of a microtitre trayhe
standards, with or without CDs, ranging from 5-75bacterial suspensions, prepared to a turbidity &f O
pg/m L™ were prepared in acetonitrile and read at 29McFarland, were then diluted 1:10 with 0.9% saknel
nm. 10mg of each respective complex was dissolned i5 pL of the diluted suspensions was added to each test
100 mL of acetonitrile, transferred to quartz cteet Well. Relevant positive (no drug) and negative oolst
and the absorbances read at 292 nm. The TMEo bacteria) were included in each tray. Inoculate

concentration was extrapolated from the standardecu Microtitre trays were covered to prevent contanmmat
and respective equivalencies calculated. and evaporation of liquid media and were incubated

the appropriate atmosphere and temperature reléwant

Stock solution preparation for antibacterial assay: the organism being tested. Microtitre trays were
5.12 mg mL" stock solutions of TMPRCD-TMP and removed from standardised conditions after an

HPRCD-TMP were prepared on the day of use byappropriate incubation period and read using a

dissolving the calculated equivalent mass of TMB.Ih . N
mL of 0.05 M hydrochloric acid and diluted with 0.9 each well compared to that of the negative andtipesi
' "~ control wells. The MIC of each antibiotic diluticeries

mL™ of reverse osmosis water. All stock solutions Were “ipic study was read using the first dilutiowdtich at
sonicated in a 4% water bath for 10 min to aid in the least 80% of growth was inhibited (Mig. The
dissolution of the powders. Stock solutions Wereexperiment was repeated on three separate days.
serially diI.uted with broth to generate the reqdire Quality control for all media, reagents, bactesains
concentrations of 256, 1_218' 64,32,16,32,18,2, 1, and equipment was performed, checked and foune to b
0.5,0.25 and 0.125g mL " within acceptable limits as specified by the CLSI
(where available) and as per the protocol of the
Microorganisms: For the comparative study of National Association of Testing Authorities (NATA)
antimicrobial activity a range of susceptible andaccredited microbiology laboratory at the Princess
inherently resistant Gram-positive and Gram-neg@ativ Alexandra Hospital (Brisbane, Australia).
bacteria were testedStaphylococcus aureus ATCC

29213,Saphy|OCOCCUS aureus NCTC 6571, methicillin TMP H|gh Performance L|qu|d Chromatography
resistantStaphylococcus aureus 49476,Saphylococcus  (HPLC) assay: The quantitative analysis of TMP was
epidermidis ATCC 14990,Saphylococcus lugdunensis ~ performed using an automated HPLC system, which
ATCC 700328, Srreptococcus pneumoniae ATCC  consisted of a Varian Prostar 240 Quaternary Stlven
49619, Pseudomonas aeruginosa ATCC 27853, Delivery Module, Varian Prostar 335 Photodiode Arra
Escherichia coli ATCC 25922 Neisseria meningitidis ~ Detector, Varian Prostar 430 Autosampler, equipped

ATCC 13077 andHaemophilus influenzae ATCC with a Varian Pursuit C18 reverse-phase column
49247, (250%x4.6 mm, 5pum particle size). The HPLC

conditions used were adapted from methods prewiousl
_ reported (Gallego and Arroyo, 2002). The column was
Inoculum preparation: Al cultures had been hermostated at 30°C and eluted TMP detected at
previously stored at -?7C and were subcultured \ayelengths of 205 and 250 nm, respectively. The
overnight twice before use in each round of testingmobile phase consisted of 80:20 mixture of 10 mM
Colonies from these subcultures were suspended iaqueous phosphate buffer (pH 3) and acetonitritee T
0.9% sterile saline to create a turbidity equivaterthe  flow rate was set at 1 mL mithand 20uL injection
0.5 McFarland standard, measured in Vitek 2volume. Standard curves, used to extrapolate the

3
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concentration of samples collected during thevitro RESULTS

permeability assay, were generated for TMP=f$.98 ]

+0.02 min, y = 140188x + 4622.92R 0.9998) and Content analysis of TMP-CD: The UV wavelength
was linear from 0.25uM to 10 pM. The limit of ~ scans (230-400 nm) provided evidence that CDs do no
detection (LOD, signal-to-noise ratio 3-to-1) wad 0 significantly affect the UV-absorption profile ofVIP

UM and the limit of quantification (LOQ, signal-to- at any wavelength (p<0.05; n = 3). No significant

noise ratio 10-to-1) was 0.28V. difference was observed for slope or IinearitXR_(y =
19.246x; B = 0.998 for TMP), (y = 19.627x; R=

In it cabilit . Caco2 cells with 0.9973 for HBCD-TMP and (y = 19.119x; &= 0.9967

n vitro permeabifity assay. Laco-z Cells WIth & ¢4 scp-TMP at a wavelength of 292 nm (p<0.05; n
passage number 38 were grown on polycarbonates) gpectrophotometric analysis at 292 nm confirme
inserts for 29 days to form cell monolayers withhti  that 10 mg ofCD-TMP and HBCD-TMP complexes
junctions. The Transepithelial Electrical Resistanc were equivalent to 1.97 + 0.03 mg and 1.49 + 0.66 m
(TEER) across inserts was measured to determine thef uncomplexed free TMP, respectively.

integrity of cell monolayers. Prior to the experimhe o ] ]
the cell monolayers were rinsed with the Hank'sCharacterization of the inclusion complexes: DSC

Balanced Salt Solution (HBSS) with a pH of 7.2. All Provided evidence supporting the formation of CD-
the TEER measurements were above 250 \’-/,\/cmTMP inclusion complexes (Fig. 2 and 3). The sharp
indicating intact cell monolayers suitable for melting_ point endotherm for TMP was id(_antified at
investigating intestinal permeability. The permdigbi ~@PProximately 200°C. The broad melting point
experiments were performed in the apical to basgtht €ndotherms forBCD and HPBCD were identified at

direction. Briefly, at the start of the experimeggo @pproximately 85 and 110°C, respectively. Evaluatio
UM solutions of TMP,BCD-TM and HBCD-TMP of the respective physical mixes (1:1 Molar ratio)

prepared in HBSS were added to the apical sidbef t Févealed individual endotherms for TMBCD and
cell monolayers. At 30 min intervals over a perifd HPBCD. Complexes exhibited the complete loss of the

hours, the inserts were transferred to new welledii  Sharp TMP melting point endotherms and a broadening
with fresh HBSS. Samples, taken from the basolateref the respective CD melting point endotherm. Toss|
side of the cell insert, were analysed by HPLC tc°f the TMP endotherm is suggested to be due to the

determine the TMP concentration. The method wag&ncapsulation of the drug into the internal caaitthe
performed in triplicate. CD (i.e., inclusion complex) (Lét al., 2005).

The results of the NMR analyses of TMP and
respective inclusion complexes are shown in Table 1

Data analysis: The median MiG, was calculated for referenced to DSS (0.0 ppm). NMR analysis provides

each bacterial species. The Kruskal-Wallis non- ) : . . L
parametric analysis of variance on ranks was used tfurther evuje_nce regarding the inclusion aqd odgan
determine whether there were significant differasnce Zf ';—(zﬂrllj:ev?é?l?h;h?o:‘rg:\:'gnc?)fOa:nHrT:IC:E')c;nl_éo,:l'anl:;
among susceptibilities to uncomplexed TMP to CD-TMP \r/(') ided by changes 'In the chclem'::jall shiﬁé)(pofx
for each bacterial species. Mann-Whitney tests Wergro:/cl)ns as);oc'ate?j 'Ith either thle cD or TMP
performed to determine specific differences betweer? : ' W Ithe : '
TMP and each CD complex (Mann-Whitney tes‘t).reflectlng _changes in chemical enwronmgnt on
Differences were considered significant when p<0.05 ence_lpsulatmn. The dgta clearly show that the sichu

For the in-vitro intestinal permeability assay, .Of trlmethoprl_m Into e.|ther thBCD or HFBCD results
extrapolated concentrations were used to deterthime llr']MaP CrZiQﬁZnI:e(s:r;enn(]:lg?r: slglf;t_(cs),2|eld|ng effect)toé
Papp for each compound which was calculated using the piexation.

formula: Table 1: 1H NMR resonance chemical shiftgpm) of C-H proton
in TMP andAd (ppm) of C-H protons in TMP complexed
AQ 1 with eitherBCD or HPBCD in D,O referenced to DSS
app At AC. H TMP 3ppm  TMP/A3B-OH-CD  TMP/AS B-CD

° 6 7.677 -0.131 -0.164
1* 3.710 -0.094 n.d?!

Two-tailed t-test was used to assess the leve}: 6* 6.610 -0.112 -0.153
statistical differences in intestinal permeabittiof 3. ° 33818 -0.089 n.d.
p e 4 3.754 -0.003 n.d.

uncomplexed t”methOp”m . to_ ] CcD complexes. n.d. due to overlap with th@gcyclodextrin signals; “pyrimidine C-H
Differences were considered significant when p<0.05 proton;*alkyl C-H proton, *benzyl O-C-H
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Table 2: MIG, (mg mL™?) of TMP and equivalent concentrations3@D-TMP and HBCD-TMP complexes against selected Gram-positive and
Gram-negative bacteria

BCD-TMP HMBCD-
Organism (NCTC/ATCC Strain) TMP median (range) raedirange) TMP median (range)
Saphylococcus aureus 29213 2 (1-2) 1(-) 1(0.5-1)
Staphylococcus aureus 6571 1(0.5-1) 1(0.5-1) 0.25 (0.25-1)
methicillin resistan&aphylococcus aureus 49476 1(0.5-1) 1(0.5-1) 0.5 (0.25-1)
Staphylococcus epidermidis 14990 0.125 (0.125-0.5) 0.125(0.125-0.25) 0.125 (0.125)
Staphylococcus lugdunensis 700328 8 (4-8) 8(4-8) 8 (4-8)
Streptococcus pneumoniae 49619 4 (2-4) 2(2-4) 2 (2-4)
Escherichia coli 25922 0.5 (0.5-1) 0.5() 0.25 (0.125-0.5)
Haemophilus influenzae 49247 0.125 (-) 0.125 (-) 0.125 ()
Pseudomonas aeruginosa 27853 >256 (-) >256 (-) >256 (-)
Neisseria meningitidis 13077 64 (32-64) 64 (32-64) 64 (32-64)

Antibacterial activity of CD-TMP complexes: The  TMP against inherently resistant Gram-positive baat
medium (range) Migy for TMP, BCD-TMP and such asS lugdunensis 700328 and Gram-negative
HPBCD-TMP against Gram-positive and Gram- bacteria such asP. aeruginosa 27853 and N.
negative bacteria are presented in Table 2. CDreningitidis 13077. With exception @ aureus 49476,
complexation was shown to marginally increaseithe  HPBCD inclusion complexes appeared to reduce the
vitro antibacterial activity of TMP against bacteria median MIGy, of TMP against normally susceptible
normally susceptible to this agent. Inclusion bacteria more thaRCD, Table 2. The lack of statistical
complexation of TMP with both unsubstituted andsignificance is likely due to insufficient statisdi
hydroxylated versions o8CD appeared to reduce the power of this study as a result of the small sansjde
median MIGy required to inhibit the growth of (n = 3) and the degree of variance produced by CD
aureus 29213,S. pneumoniae 4961 andE. coli 25922  complexation.
(p>0.05) (Table 2). This effect was also observed f . ) ) .
HPBCD-TMP againstS. aureus 6571 and methicillin ~N-Vitro intestinal permeability assay: Results are
resistantS. aureus 49476 (p>0.05) (Table 2). The Presented in Fig. 4BCD and HBCD inclusion
median MIG, range for HBCD-TMP againstS. complexayon _S|gn|f|cantly __mcreased thén-vitro
epidermidis 14990 decreased relative to TMP alone andfPParent intestinal permeability of TMP by 39.8%i an
the BCD-TMP complex (p>0.05). Neither CD-TMP 96.1%, respectively (p<0.01; n = 3). Uncomplexesfr
inclusion complex affected the antibacterial atyivi TMP. displayed lower apparent permeabiliBy 2.27
against H.influenzae 49247. CD inclusion complexes X10° when compared to either CD-TMP complex
of TMP also produced no alteration in the activify (BCD-TMP Py, 3.17x107° and HBCD-TMP Py,3.59

6
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x107°). The mean Bp of HPBCD-TMP, despite being CONCLUSION
higher, was not significantly different frofCD-TMP
(P>0.05;n=3). These results in combination with the
improvements in physicochemical properties previpus
DISCUSSION reported (Liet al., 2005; Sousat al., 2005) would

suggest that physical complexation with eitherhafse

The formation of inclusion complexes betweencpg’ yould provide a feasible alternative strategy t
TMP and BCD ordHFBCD were confirmed by DSC jnnrove the pharmaceutical and pharmacokinetic
(Fig. 2 and 3) andH-NMR (Table 1). CD inclusion properties of TMP. This would be particularly

complexation resulted in improvements in theapplicable to the formulation or compounding of

antibacterial activity of TMP against normally siing solution-state dosage forms such as eye dropsreetui

bacteria that were not significant. These resultsfor the treatment of ocular pathogens. The clinical
suggest that it is unlikely that CD inclusion P gens.

complexation would have any influence on therelevance of these results is limited by_ t'“‘e‘.’iFro
spectrum of organisms affected by TMP and as sucRature of the tests performed and future investgat
would have little bearing on the clinical indicatiof ~ Should provide comparisons in an-vivo model to
this agent. From a formulatory perspective, thesevalidate the conclusions drawn from this investmat

results highlight the fact that TMP, at minimum,

retains its original activity against susceptibacteria REFERENCES

when complexed with these CDs.
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