Development and evaluation of meropenem encapsulated
nanostructured lipid carriers as an antimicrobial treatment of
Pseudomonas aeruginosa

By

Charlotte Elizabeth Wilson

Submitted in partial fulfilment of the Master of Science (by research)
School of Pharmacy and Biomedical Science, University of Central Lancashire

N2
¥ University of

Central Lancashire
UCLan

Date of submission: October 2023



Declaration

RESEARCH STUDENT DECLARATION FORM

Type of Award Master’s by Research

School Pharmacy and Biomedical Science

1. Concurrent registration for two or more academic awards

[ declare that while registered as a candidate for the research degree, [ have not been a

registered candidate or enrolled student for another award of the University or other
academic or professional institution.

2. Material submitted for another award

[ declare that no material contained in the thesis has been used in any other submission
for an academic award and is solely my own work.

3. Collaboration

Where a candidate’s research programme is part of a collaborative project, the thesis
must indicate in addition clearly the candidate’s individual contribution and the extent
of the collaboration. Please state below:

4. Use of a Proof-reader

No proof-reading service was used in the compilation of this thesis.

Signature of Candidate gﬁLQ/\—/‘

Print name: __ Charlotte Elizabeth Wilson




Table of Contents

[0 T [+ T+ 1 o 2
TADIC Of CONEENLES......ceeeueeeeneeenererennereeeseruniereserenssrenssesesserensssenssessssessnsessnssessssessnsessnssesnnans 3
LISt Of TABIES ....ceueevvereririennriiiniriniiiisnsisiissiissssnuissssssissssnsssssssssssssssssssssssnsssssssssssssssnssns 6
LiST Of FIQUIES ..eveeueeeeeereneeruneerenereuereusseensserensesenssessssessssesensssssssessnssssnssessssessnssssnssssnssosen 7
List Of ADDIreViALiONS ......cccceuuciireveriiiivenniirienniisinsnniisiismsiismssnssssssssssssmmsssssssssnsssssssssssssssssssss 9
Y X 1 o U 10
VYol 4 Tod VY] [=To [ =T £ = 1 XSO 12
Chapter 1: INTrOAdUCTION...........ceeeeeeeeneeeeneeeeerereeereeneeeeeseseesesenssessasessasssssssessasessnssssnssessnsans 13
1.1 Introduction to Pseudomonas AerugiNOSa .............ceuueeereenneereennieeeennsesseenssessesnsssssesnsssssennns 14
1.1.2 Infection scenarios of Pseudomonas aeruginosd.................ccieeceieeiiieenirineriensenenseneesenennes 15
1.1.3. Virulence factors of Pseudomonas aeruginosa.........cccceeeeiiemnniinieneisiiensisieenssisneenssssssnnes 16
1.1.4. Treatments for P. aeruginosa infections............cceeeereeeiiiiemiiiiiecirreesce e reneneesenens 18
1.1.5. Resistance mechanisms of Pseudomonas aeruginosa .................euceeeeeneerenencesnenencesnenen. 19
B O T T T = 1 T T oS 19
1.1.7. Acquired resiStancCe. .......ccciuiiiiiinniiiiiiniieiiiiieieniestenisstenssisssensssssssnssssssnnsssssennsssssannns 22
1.1.8. Adaptive reSiStaNCe ........cieeeeeiiieiiecerereneerereeeerenaneerenasssrennssssennsssssennsssssennsssssennsssssennns 22
1.2.1. Introduction to Cystic fibrosis........cceeruuiiiiiuiiiiiicirrer e e e eeee e e reees e s s enanessenans 23
1.2.2 Current treatment methodologies for Cystic Fibrosis .........cccceeeiiieuiiiiieniiniienniiniienniinnenen. 27
1.3.1. Introduction to antimicrobial aBents ........ccceciieeiiiiiiiiiiiiiriirccree e ree e renees 27
I 300 R |/ =T o T o Y= o =T o N 30
1.5.1 Introduction to antibiotic resistance ........cccccceeceiiiiiiiiireiiiiiiii 32
1.6.1 Introduction to NANOPArticles ......cccciiiiuiiiiiiniiiiiiii s s eae s s e anes 34
1.6.2 Nanostructured lipid CArriers .......cecieeeiereeeiieeiereererennerenerreseerenserennersasesensessnssesasssssnsensnnes 38
1.6.3 Current therapeutic applications of nanoparticles .......cccccovreeuiiiieeiiiireiccirrerccerreeee e, 41
1.6.4. The use of NLCs as precision medicines in other microorganisms .........ccccceciereniiieencnnanns 42

1.6.5. The use of NLCs to encapsulate meropenem for use as an antimicrobial treatment for

Pseudomonas Q@IUGINOSQ. ...........ccceeeeeeiiienieriinnierirnnsermensssesmsnsssesssnsssssesnsssssesnsssssesnsssssesnsnans 43
1.7. Aims and objectives of the Project. ... iereiiiiieciirecccrrce e reee e s eee e s s enase s senans a4
O 0 Y 1 o 44
1.7.2. SPeCific ODJECLIVES ...civvuriiiiiiniiiiiiiiiirinrr e e s sssaessssssnssssssnnsssssennsssssannns 44
Chapter 2: Material and MetROdS ............eeueeeeeeereeireeireereeereeirenirensreesreesenssensernssrnssrnssenns 45



2.1. Chemicals and REAZENTS .......ccceeiiieeiiieiiiiiiiiiiiiiieteeieieaereasestasesensssenssssnsssssassssnsssensessnsanes 46

2.1.1 Solubility studies of liquid lipids .......ccceiiiiiemiiiiiiinniiiiiniiii s resessssseness 46
2.2.1 Preparation and formulation of Nanostructured Lipid Carriers........cccccceeiireeencirrenenirnenen. 47
2.2.2 Optimisation of blank and drug loaded NLCs. .........ccccceciiiieeiiiiieenciireneeesrenencesnenesesnennns 51
2.2.3. NLCs characterisation .........cceeuciiiiiiiiiiieeuiiiiiniiinreesiie s ssaes s s s e saaaees 51
2.2.4. Lyophilisation Of NLCS.......cccciiiieuiiiiimmiiiiieniiiiieniiiienisiiesisimesssissssisissssssssssssssssnnss 52
2.3. Differential Scanning Calorimetry of meropenem, blank NLC and ME-NLC......................... 54
2.4. Fourier transform infrared spectroscopy (FTIR) of meropenem, blank NLC and ME-NLC.....54
2.5. High-Performance Liquid Chromatography of meropenem ..........cccceeeriieniiriienniinienniinnenens 55
2.5.1 Preparation of pH 2.7 Orthophosphate buffer ........ccoeeiieiiiieiiiiiiirierccreerereeereeeeeeeeene 55
2.5.2 Preparation of pH 6.8 orthophosphate buffer...........cccoeirrieeiiiiiecicrc e, 55
2.5.3. Preparation of standard solution in Water .........ccccoiiieeiiiiiceiiiiececciereeeccereeeeee s eeneneeesenans 55
2.5.4. Preparation of standard solution in pH 6.8 buffer......c...cccecciiiiiiiiiniiiiiiiiinniinieennnn, 56
2.5.5. Optimisation of chromatographic conditions for validation of meropenem in water ...... 56

2.5.6. Chromatographic conditions for analysis of meropenem concentration in orthophosphate

10T £ g o] o IR S 57
2.5.7. HPLC method validation..........ccccceiiiiimimmeiiiiiiiiiiriessninnnirrrersssn s 58

2.5.7.1 Linearity Of HPLC METNOM ......cioiiiiiiiieeeee ettt sttt s s s 58

2.5.7.2 Precision Of HPLC MELNOM ......coueiiiiiiiiiiecit ettt sttt st 58

2.5.7.3 Accuracy Of HPLC MELhO .....cooiiiiiiiieee ettt s 59
2.5.8. Preparation of sample solution for analysis of drug loading ........c.ccoeveeeeiirieeiiiiienncinneen. 59
2.6. In vitro drug release study of ME-NLCS........cccccccitieeniiiieeenierreceneerneeencesnennssesrensssessennsssssennns 59
2.7. Bacterial investigations of P. @eruginosa............ccceeeciiieeiiiiieniiiiiinnniiniinnniinieeenes 60
2.7.1 Bacterial growth on solid media and overnight cultures........cc.ccceerreiireniireerirencireenerennnene 60
2.7.2 Antibiotic preparation for bacterial susceptibility testing........c.ccceeerrieeiiirieciiireeeccnnenen. 61
2.7.3. Characterisation of Pseudomonas aeruginosa .................ceeeuceeeeeencernennncessenesceseenaneesnennns 61
2.7.4. Growth curve of P. aeruginosa ATCC 27853 ......ccccciiiemiiriiennsinimensiniesssiniessssssissssssssesnes 62
2.7.5. Minimal inhibitory concentration........cccceeeeiiieeieieniiieeicreenerenerenereeseeresceresserenserensessnsnes 62
2.7.6. Minimum bactericidal concentration...........cccceeeiiiiiiiiiiiiiiiiiii 63
2.7.7. Kill timMe @SS@Y.cuuiiiuuiiieniiinniiieeiereniieeieieeirrnsirtnesssssssssssessnssssnsssenssssnssssssssssnssssnssssnssssnsases 63

2.8. Visualisation of P. aeruginosa after treatment of ME-NLCs using fluorescent microscopy .. 64

2.9, Statistical ANAlYSiS....ccieuiiiiieeiiiiieiii ittt e s rreeee s s enee e s renessessenassassennsssnenasassranans 64
CRAPLEE 3: RESUILS......ceueeeeeeeeciieiiiiiiiiiiiiteiiiseiissisisseesissesissnsisssesessassssssssssassssnssssnsssssanans 65
3.1 Solubility studies of crystalline meropenem in lipids .....cccccoiveviiiiieniiiiiinciiniiciiinieen. 66
3.2.1 Optimisation of Blank NLC formulation. ...........cccceiiiiiiiiiiiiiiiieniinreeescsrenessesrenessssenens 66
3.2.2 Optimisation of meropenem loaded NLC formulation. .......ccccoorveeeciiiieeciirieeiciireeenccenenen. 68
3.2.3 Short term stability studies of blank and meropenem loaded NLCs. ........ccccceueirrreannnnnnnen. 76



3.2.4. Lyophilisation of meropenem loaded NLCS. ......ccccceiiieiiiieiiiiniiiniiieinieeiireesenenesenessnsns 79

3.3. Fourier transform infrared spectroscopy (FTIR) of meropenem, blank NLC and ME-NLC.....83
3.4. Differential Scanning Calorimetry of meropenem, blank NLC and ME-NLC......................... 87
3.5.1. Development and optimisation of HPLC method for analysis of meropenem.................. 91

3.5.1.1 Optimisation of detection Wavelength...........c.coooiiieiii i e e 91

3.5.1.2 Optimisation of Mobile Phase ratio..........cceccueeeeiii e et 91
3.5.2. Calibration Curve of meropenem in aqueous solution.......cccccciireeiiriieniiniiniiinieneinnnenee 92
3.5.3. Entrapment efficiency of ME-NLCS ......ccccceeiiiiiireniiienierennerennerenseseassereserensessnssssnsessnsenes 98
3.6. Calibration curve of Meropenem in pH 6.8 orthophosphate buffer using HPLC................. 101
3.7. In vitro drug release study of ME-NLCS ..........cccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiinssssssssssssssssessssssnens 105
3.8.1. Bacterial characterisation of Pseudomonas aeruginosa .................cceecviiiienesirieeniirnenens 107

3.8.2. Minimum inhibitory concentration and Minimum bactericidal concentration of

PSeudomONaS Q@IUGINOSA ............ceeeeeeeereennieiriennierieensiesrennssessennssessenssssssenssssssennsssssennsssssennns 110
3.8.3 Kill time @ssay....cceeeuuuiiiiiiiiiiiiiiiiiiiieirern e e e e s aa e 110
3.9. Fluorescence microscopy of Pseudomonas aeruginosa ATCC 27853 after treatment with
Y X 0 112
................................................................................................................................................................... 112
3.10. Bacterial studies of the stability of ME-NLCs...........cccceiiiiiiiiiiiiiiiiininininiiennneneneseseneeenens 115
Chapter 4: DiSCUSSION .......cc...cevveuuiiiireniisrisniissssuisssessssssssssssssssssssssssssssssssssssssnsssssssnnes 118
4.1. NLC optimisation and characterisation .............eeeeeeeeeeeeeeeeneneneneneneneneneneneneneneeenenee.. 119
4.2. Optimisation and validation of HPLC for detection of meropenem...........cccccuvvererenenennnee. 122
4.3 Encapsulation Efficiency of IME-NLCS .........cccceiiiiiiimmmeiiiiiiiiiinniesinninnssssessssssseesssnesses 123
4.4.Validation of HPLC for detection of meropenem in pH6.8 orthophosphate buffer for in vitro
ArUE FEIEASE ... ettt e e s e e e s e s e s e na s s s en e s s s eenssssseensssssesnsssssennsssssennssssnennes 124
4.5. In vitro drug release StUAY ........ccceciiiieeiiiiieeiiiieeccr e s reeee s reensessenasessrennsessrenanassrennns 125
4.6.1. Stability Of ME-NLCS .....cccciiiuiiiieiiiieiiiiiiinieieneiennerenseesesssssssesesssssnsssensessnssssnssssnnsensnnes 125
4.6.2 Lyophilisation Of IME-NLCS.......cccccetteiiteniirneierennerenerenseeraseeresserssssssnsesensessnssesnssesnnsensnnes 127
4.7. Bacterial studies of the efficacy Of ME-NLCS ......ccccccotimeiiiiieeiiiieeecirreneneesrenesesssenessssenens 127
2 R N4 T = o T3 130
4.9 FURUIE WOTK ..iiieiiieiiiiiiiiiieiesiin it rsseeessse s s s ss s e s e s e s saass s s s s s e e e s nnaasssssssseessnnnsssns 131
CRAPLEE 5: CONCIUSION ...eeueeeeeeeeenereeeereenrerenierenerenseeenaserensesesssessssessssessnssessssessnssesnssosense 132
LR 0o Tl ¥ o T 133
Chapter 6: REfErENCES..........cevveuueiiiieeniiirieniisissusisssesiisssssssssssssssssssssssssssssssssssnsssssssnnes 134
6. REFEIENCES ..cooiiiiiiiiiiiiiiii e 135



List of Tables

Table 2. 1. Blank formulations used for optimisation of particle size, PDI and zeta potential

before encapsulating MErOPENEIML. .........coiiiiiiieieiere e 48
Table 2. 2.Compositions of Meropenem loaded NLC formulations (0.5mg/ml) used for
optimisation of particle size, PDI, zeta potential and encapsulation efficiency. .........c........... 49
Table 2. 3 Compositions of Meropenem loaded NLCs formulated using four different
percentages of cryoprotectant for lyophilisation............c.cccoveviiiiii i 53
Table 3. 1. Solubility of meropenem in lIPids. .........ccocoiiiiiiiii e 66
Table 3. 2. The effect of wavelength on the peak area of a standard sample of 10ug/ml of
meropenem. Data is presented as mean + SD, n = 3. * is the wavelength selected. ................ 93

Table 3. 3. The effect of mobile phase ratio on the peak area, retention time and peak
symmetry of a standard drug solution of 10ug/ml of meropenem. Data is presented as

mean = SD, n = 3. * is the mobile phase ratio selected. ..o 93
Table 3. 4. . Results for repeatability assay, of 10 injections of one concentration. N= 10. ...96
Table 3. 5. Results of Intra and inter day assay for validation. Data is presented as

I LR B R (T 96
Table 3. 6. Results of accuracy assay of three concentrations. Data is presented as

MEAN £ SD, N = 3. bbb ne e 97
Table 3. 7. Calculated encapsulation efficiency for ME-NLCs formulations. ...............c........ 99
Table 3. 8. Calculated concentrations of meropenem for standards used for linearity (2-

201G MI). NT3. ettt et bt reenes 103
Table 3. 9. Results from repeatability assay of ten injections of one concentration of
METOPENEM. NTL0. ..t b bbbttt nb et nee e neenne s 104
Table 3. 10. Results from accuracy assay of three concentrations of meropenem. Data are
L L= ] B IR N i TR 104
Table 3. 11. Table to show results of disc diffusion to antibiotic susceptibility testing of six
strains of PSeUdOmMONAs @EIUGINOSA. .........ccveiveerieiieieeie e st se e e et e e e e sae e 108
Table 3. 12. MIC and MBC values for P. aeruginosa ATCC 27853 when treated with
meropenem, blank NLCs and ME-NLCS. N=3. .......coviiiiiieeiiereen e 111
Table 3. 13. MIC and MBC values for P. aeruginosa ATCC 27853 when treated with ME-
NLCs that had been stored at 20 °C (A), 37 °C (B)...viviiiieieieieieeseeeeeee e 115



List of Figures
Figure 1. 1. The prevalence of bacterial infections in patients with cystic fibrosis (Manos,

2021 e b bR e bR bRt R e Rt Rt e et bbb ne e 26
Figure 1. 2. Diagram to show the structure of meropenem (National Center for Biotechnology
INFOrMAtioN 2023). ......oiuiiiiiiieee bbbt 30
Figure 1. 3.Diagram to show the structure of a NLC and its components. ............cccccvevverurenen. 40

Figure 3. 1. Compositions of Blank NLCs formulated using four different concentrations of
hydrophilic surfactant (Sodium Cholate) to study the effect of sonication on particle size (A)
and polydispersity index (B) Data is presented as mean £ SD, n = 3. (A) *** p < 0.05, refers

to a significant difference when formulations 100mg and 150 mg were compared. ............... 70
Figure 3. 2.Particle size profiles showing the effect of sonication time on particle size and
PDI of formulation Blank 6. Data is presented as mean, N=3..........ccccccvevevieieeriesieeseesie e 71

Figure 3. 3. Compositions of Blank NLCs (Formulations Blank 7 and Blank 8) formulated
using two different concentrations of Kolliphor HS 15 to study the effect of sonication on
particle size (A) and polydispersity index (B) Data is presented as mean = SD, n = 3. (A) ***
p < 0.05, refers to a significant difference when formulations 200mg and 300mg were
compared. (B) *** p < 0.05, refers to a significant difference when formulations 200mg and
300 MQ WEIE COMPAIEA. .. .ecvveiveeiieie e iteete et e s e ste e ste e te et e s saesbaeste e e s taeteaseesseesseeneesreenreeneeas 72
Figure 3. 4.Compositions of ME-NLCs formulated using four different concentrations of
meropenem to study the effect of drug concentration on particle size (A) and polydispersity
index (B) zeta potential (C). Data is presented as mean £+ SD, n = 3. (A) **** p < 0.05, refers
to a significant difference when formulations 0.5mg/ml and 0.75mg/ml were compared. (B)
** p < 0.05, refers to a significant difference when formulations 0.5mg/ml and 0.75mg/ml
were compared. (C) **** p < 0.05, refers to a significant difference when formulations
0.5mg/ml and 0.75mg/ml Were COMPArEd. ........ccveiiiiiiiiii e 73
Figure 3. 5. Compositions of meropenem-loaded NLCs (Formulation ME 1)) to study the
effect of sonication time on particle size (A) and polydispersity index (B) Data is presented as
mean + SD, n = 3. (A) ** p < 0.05, refers to a significant difference when sonication time 3
minutes and 4 minutes were compared. (B) * p < 0.05, refers to a significant difference when
sonication time 3 minutes and 4 minutes Were COMPAred. .........ccovveverieereereseeseereseeseeeens 74
Figure 3. 6. Compositions of ME-NLCs formulated using two different concentrations of
Capryol 90 to study the effect Capryol 90 concentration on particle size (A) and
polydispersity index (B) zeta potential (C). Data is presented as mean + SD, n = 3. (A) **** p
< 0.05, refers to a significant difference when 120mg and 200mg were compared. (B) ** p <
0.05, refers to a significant difference when 120mg and 200mg were compared. (C) * p <
0.05, refers to a significant difference when 120mg and 200mg were compared. .................. 75
Figure 3. 7. Compositions of ME-NLCs formulated were stored at two different temperatures
to study the effect of time and storage temperature on particle size (A) and polydispersity
index (B) zeta potential (C). Data is presented as mean + SD, n = 3.(A) **p < 0.05, refers to a
significant difference when formulations stored at 37°C, on the day of preparation and 24
hours storage were compared. (C) ** p < 0.05, refers to a significant difference when
formulations formulations stored at 20° C, on the day of preparation and 24 hours storage
WETE COMPAIEU. ..iuvietiieieeitee et ettt et e st e et e st et e e sae e e e e e b b e e bt e ess e e beeeab e e beesns e e beesnbeenteeanneenreeanes 78
Figure 3. 8. Compositions of ME-NLCs formulated using three different concentrations of
cyroprotectant to study the effect of lyophilistaion of ME-NLCs after 5 weeks of storage on
particle size (A) and polydispersity index (B) zeta potential (C). Data is presented as

mean £ SD, n = 3.(A) ****p < 0.05, refers to a significant difference when formulations with
0% and 5% of cyroprotectant storage were compared. ****p < 0.05, refers to a significant



difference when formulations with 0% and 7% of cyroprotectant storage were compared.
****p < 0.05, refers to a significant difference when formulations with 0% and 10% of
cyroprotectant storage were compared.(B) ****p < 0.05, refers to a significant difference
when formulations with 0% and 5% of cyroprotectant storage were compared. ***p < 0.05,
refers to a significant difference when formulations with 0% and 7% of cyroprotectant
storage were compared. **p < 0.05, refers to a significant difference when formulations with
0% and 10% of cyroprotectant storage were compared.(C) (B) ****p < 0.05, refers to a
significant difference when formulations with 0% and 5% of cyroprotectant storage were
compared. ****p < 0.05, refers to a significant difference when formulations with 0% and
7% of cyroprotectant storage were compared. ****p < 0.05, refers to a significant difference

when formulations with 0% and 10% of cyroprotectant storage were compared. ................. 81
Figure 3. 9. FTIR spectra for meropenem (A), ME-NLCs (B) and blank NLCs (C) .............. 85
Figure 3. 10. Differential scanning calorimetry (DSC) thermograms for meropenem (A),
Dynasan 114 (B), physical mixture (C), ME-NLCs (D)and blank NLCS (E). ....ccccoovvvvivrienne. 90
Figure 3. 11. HPLC chromatograms of meropenem reference standards 10 ug/ml (A), 4 pg/ml
(B) and 20 /ML ().t 95
Figure 3. 12. Calibration curve of meropenem concentrations (2-20 pg/ml) Data is presented
R LT AT T T 95
Figure 3. 13. HPLC chromatograms of meropenem reference standard 10 pg/ml (A) and free
drug from ME-NLGCS (B). ..cueeieeiiiieiie ittt sre et sneesne e 98

Figure 3. 14. Compositions of ME-NLCs formulated using four different concentrations of
oleic acid to study the effect on particle size (A) and polydispersity index (B). Data is
presented as mean £ SD, n = 3.(A) *p < 0.05, refers to a significant difference when
formulations with 100mg and 150mg of oleic acid were compared. *p < 0.05, refers to a
significant difference when formulations with 100mg and 200mg of oleic acid were
compared. (B) *p < 0.05, refers to a significant difference when formulations with 100mg
and 150mg of oleic acid were compared. **p < 0.05, refers to a significant difference when
formulations with 100mg and 200mg of oleic acid were compared. ...........cccceeveververrennnnnn 100
Figure 3. 15. HPLC chromatograms of meropenem reference standard 8 pg/ml (A) and 16
LE/TNL (B). 11ttt b 102
Figure 3. 16. Graph to show the linearity of with concentrations 2-20ug/ml of meropenem.

Figure 3. 17. In vitro drug release study ME-NLC vs. time, conducted at 37 °C in pH 6.8
dissolution media for 24 hours. N=3. ..o s 105
Figure 3. 18. Degradation of meropenem (5ug/ml) in aqueous solution at 37°C over seven
days. N=3. ***** n < 0.05, refers to a significant difference when the calculated

concentration on the day of preparation and after seven days were compared. ................... 106
Figure 3. 19. Gram stain of P. aeruginosa ATCC 27853........ccccociiiiiiiiiieeesesese e 109
Figure 3. 20. Growth curve for P. aeruginosa ATCC 27853 taken over 24 hours with 1 hour
TIME INTEIVAIS. INT 3. bbbt e e 109
Figure 3. 21. . Kill time assay for P. aeruginosa ATCC27853 at two concentrations of
MEIOPENEIM. INT3. e e e e et b e e e st b e e bb e e s bt e e e nbbeesnireean 111
Figure 3. 22. P. aeruginosa after treatment of 1ug/ml ME-NLCs for 17 hours. Rhodamine
(A) LiVE (B) DAL (C)..veuveiiieiieeieeieeieieie sttt ste ettt ettt sta et e e s e s e saennesnennaanaas 112
Figure 3. 23. P. aeruginosa after treatment of 1ug/ml ME-NLCs for 24 hours. Rhodamine
(A) LiVE (B) DEAU (C)..veuveiiieiiesieeiieeeieie st st ste ettt st e e saeeesaennesseanaanens 113



List of abbreviations

ABC ATP-binding cassette

ACBT Active cycle of breathing techniques

ACT Airway clearance techniques

BCC Burkholderia cepacia complex

CF Cystic Fibrosis

CFTR Cystic fibrosis transmembrane conductance regulatory
CLED Cystine-Lactose-electrolyte- deficient agar
DD-transpeptidase D-alanyl-D-alanine transpeptidase

DSC Differential scanning calorimetry

EE Entrapment Efficiency

FD Free drug

FTIR Fourier transform infrared spectroscopy
HPLC High performance liquid chromatography
ICH International Conference on Harmonisation
MATE Multidrug and toxic compound extrusion
MBC Minimum bactericidal concentration

MDR Multi drug resistant

ME-NLCs Meropenem loaded nanostructured lipid carrier
MFS Major facilitator superfamily

MIC Minimum inhibitory concentration

NETs Neutrophil extracellular traps

NLC Nanostructured lipid carrier

PBP Penicillin binding protein

PBP3 Penicillin binding protein 3

PDI Polydispersion Index

PEP Positive expiratory pressure

RND Resistance-nodulation-division

RT Retention time

RSD Relative standard deviation

SLN Solid lipid nanoparticle

SMR Small multidrug resistance

WHO World Health Organisation

XDR Extensive drug resistance

ZP Zeta potential




Abstract

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative bacterium which most
commonly causes opportunistic infections in immunocompromised individuals including
those with cystic fibrosis. Meropenem is a carbapenem antibiotic with a beta lactam structure
which is recommended as a treatment for meropenem-susceptible P. aeruginosa infections
P. aeruginosa has developed multiple resistance mechanisms including resistance to beta
lactam antibiotics such as meropenem.

Nanoparticles can be used as a targeted treatment therapy by utilizing a controlled delivery
and release of active pharmaceutical ingredient at a specific target site. Therefore,
encapsulating antibiotics, such as meropenem, which has high renal elimination, a short half-
life and is unstable in agueous solutions, could provide an alternative drug delivery pathway
for treatment of sensitive strains of P. aeruginosa, improving pharmacokinetic outcomes.
Meropenem-encapsulated nanostructured lipid carriers (ME-NLCs) were formulated using
Sodium Cholate as a surfactant, Dynasan 114 as a solid lipid, Capryol 90, oleic acid, lipoid E80
and lipoid S75 as liquid lipids, and Kolliphor HS 15 as a solubiliser. A hot homogenisation
method followed by probe sonication was used for preparation of NLCs. Optimisation of
product parameters (surfactant, liquid and solid lipids, solubiliser and drug concentration)
and process parameter (sonication time) was carried out to obtain NLCs with desired
physicochemical properties in terms of particle size, polydispersity index, zeta potential and
drug entrapment. Increasing the concentration of surfactant sodium cholate resulted in an
increase in particle size (<200nm) and poly dispersity index (<0.3) of the NLCs. Similarly, the

loading of meropenem in NLCs resulted in an increase of particle size but interestingly did not
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affect the PDI. Meropenem-loaded NLCs produced a particle size of 178.8nm , poly dispersity
index 0.283 and zeta potential -31mV.

A high performance liquid chromatography (HPLC) method was developed and validated to
guantify meropenem in the NLCs formulations and drug encapsulation was calculated to be
85.72%. Additionally in vitro drug dissolution studies of the ME-NLCs revealed an initial fast
release of 30% of the drug in the first thirty minutes and a sustained release of drug from
NLCs with 70% of the drug being released for 8 hours which then remained steady until 24
hours.

Reference isolates of P. aeruginosa ATCC 27853 were tested for minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) using — 1SO-20776-1
method recommended by EUCAST - using the ME-NLCs. The minimum inhibitory
concentration for ME-NLC for P. aeruginosa was 2 ug/ml. The ME-NLCs was bactericidal at a
concentration of 8 ug/ml, compared to free drug which has a MIC of 0.5 ug/ml and MBC of 4
ug/ml.

Interactions between ME-NLCs and P. aeruginosa cells were investigated using fluorescence
microscopy. Morphological changes were observed in the bacterial cells which showed an
increase in the number of elongated rod-shaped cells.

The use of meropenem encapsulated NLCs may provide an alternative drug delivery system

with the potential to optimise therapeutic dosage without increasing nephrotoxicity.
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Chapter 1: Introduction
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1.1 Introduction to Pseudomonas aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) was first described in 1882 by Carle Gessard a
French pharmacist, during his investigation ‘On the blue and green coloration of bandages’
(Diggle and Whiteley 2020).

The Gram negative bacillus, monoflagellated, non-sporing, obligate aerobic bacterium that
optimally grows at 37°C after 24-48hrs, also has the ability to grow at temperatures between
4°C and 42°C, which aids in distinguishing it from other Pseudomonas species (Diggle and
Whiteley 2020). The colonies produced are of opaque and pearlescent appearance with a
characteristic fruity smell when cultured on nutrient agar (LaBauve and Wargo, 2012). P.
aeruginosa also has the ability to produce one or multiple pigments when growing on
different culture media. The pigments can include pyorubin (red), pyocyanin (blue/green) and
pyoverdine (yellow/green, fluorescent) (Abdelaziz, Kamer et al., 2023). P. aeruginosa is an
opportunistic pathogen which predominantly inhabits soil, water and host-associated
environments such as plants, animals and humans (Diggle and Whiteley 2020). In a clinical
background P. aeruginosa is globally recognised as a cause of hospital-acquired infections, in
immunocompromised individuals. In 2018 Public Health England (PHE) reported that P.
aeruginosa infections were responsible for 7.8 cases per 100,00 population, with 37.8% being
hospital-acquired infections (PHE, 2018).

Reynolds and Kollef (2021) reported in an international observational point prevalence study
that of all P. aeruginosa infects, 16.2% were community-acquired infections and 23% were

hospital-acquired infections.
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1.1.2 Infection scenarios of Pseudomonas aeruginosa

Hospital-acquired infections caused by P. aeruginosa can arise due to bacterial reservoirs in
the clinical setting such as taps, sinks, icemakers, sanitizers and respiratory therapy
equipment including ventilators and endoscopes (Kanamori, Weber et al., 2016). The
transmission of the bacterium within the clinical setting is problematic due to the risk of
infection to the immunocompromised patients because of the opportunistic nature of P.
aeruginosa, which can cause systemic infections in severe cases (Qin, Xiao et al., 2022). This
includes patients with conditions such as burns and wounds, organ transplants, HIV/AIDS and

cystic fibrosis (Qin, Xiao et al., 2022).

Burns and wounds cause damage to the epidermis and dermis, allowing the first line of
defence of the immune system to be breached, inducing colonisation in the damaged tissue.
this can be either acute infection such as cellulitis (Bassetti, Vena et al., 2018) or severe
infections including sepsis (Reynolds and Kollef 2021). A study from 1999-2009 found that P.
aeruginosa was responsible for 64% of deaths in paediatric intensive care due to sepsis

(Reynolds and Kollef 2021).

In addition, patients with invasive devices such as endotracheal tubes, urinary and other
indwelling catheters and joint replacements are at risk of infections caused by P. aeruginosa
due the ability of the bacterium to form a biofilm (Mulcahy, Isabella et al, 2014). P.
aeruginosa has the ability to survive up to sixteen months on dry inanimate surfaces such as

food packaging and up to five weeks on flooring (Kramer, Schwebke et al., 2006), and in water
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taps due to the alginate slime formed in the biofilm matrix. This colonisation of P. aeruginosa
in biofilm form can be impenetrable to disinfectants and antipseudomonal agents (Aziz et al.

2022).

However, the most recognised opportunistic infection of P. aeruginosa is within the
pulmonary system of those with cystic fibrosis (CF). Over a six-year period between 2006-
2012, it was reported by the cystic fibrosis foundation patient registry, that P. aeruginosa had
a prevalence of 49.6% within CF patients (Reynolds and Kollef 2021). This is further increased

within older patients where 74.1% of cultures were positive for P. aeruginosa.

1.1.3. Virulence factors of Pseudomonas aeruginosa

Virulence factors of P. aeruginosa can be classified into three categories: bacterial surface
structures, secreted factors and bacterial cell-to-cell interaction (Liao, Huang et al., 2022).

Bacterial surface structures allow for interaction with the human host lung epithelium by
using the bacterium’s flagellum and pili for motility and adhesion while also utilising other
virulence factors to bind to the host cells (Liao, Huang et al., 2022). During adhesion the
flagellar cap protein FliD is used to bind to mucins in the airways (Haiko and Westerlund-
Wikstrom 2013). The lipopolysaccharide (LPS) located in the outer membrane of Gram
negative bacteria is an activator of the host immune response, stimulating neutrophils to
release neutrophil extracellular traps (NETs) (Liao, Huang et al., 2022). White blood cells,
including neutrophils engulf invading pathogens in the body to undergo phagocytosis. P.

aeruginosa utilises this process by stimulating NETs to capture other invading pathogens such
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as Staphylococcus aureus in the lung microbiome thereby preventing phagocytosis of P.

aeruginosa, allowing for production of a biofilm matrix.

P. aeruginosa uses five different types of secretory systems to transport and release bacterial
proteins and other virulence factors directly into targeted cells and or the extracellular space:
type |, type I, type lll, type V and type VI (Qin, Xiao et al., 2022). Types Il and Il are the
secretory systems which the main virulence factors are released (Liao, Huang et al., 2022).
The type Il system is responsible for the secretion of various lytic enzymes, whereas type lll is

responsible for the virulent effectors used in the host cells (Liao, Huang et al., 2022).

The secreted factors can be classified into four categories: exopolysaccharides, siderophores,
proteases and toxins.

Exopolysaccharides are a highly viscous carbohydrate macromolecules found in the
extracellular matrix, that are used by P. aeruginosa to increase tolerance to harsh
environments, for example the host defence/immune response, by the formation of
microcolonies within biofilm (Liao, Huang et al, 2022), which in turn increases the
pathogenesis of the bacteria by inhibiting the action of the immune response consequently
aiding the survival. Additionally, exopolysaccharides are primary parts of the extracellular
matrix structure, which are essential for the structure and integrity of formation and
maintenance of P. aeruginosa biofilm (Flemming, Niese et al., 2022).

Siderophores are compounds secreted by the bacterium to aid with iron accumulation.

P. aeruginosa produces two siderophores, pyoverdine and pyochelin. Pyoverdine and

pyochelin are used to promote bacterial growth by chelating iron molecules, particularly Fe3*
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from transferrin and lactoferrin in the host environment (Liao, Huang et al.,, 2022). Both
siderophores are required for full impact virulence.

Proteases are used to interfere with host cell immunity. In particular the serine protease IV
has the ability to degrade molecules such as immunoglobulins, collagen-containing surfactant
proteins and to damage host cells and tissues (Liao, Huang et al., 2022), consequently allowing
for increased spread of bacterial infection in the host.

Toxins, ExoS, ExoT, ExoU and ExoY are secreted via the type lll secretory system, (Horna and
Ruiz 2021). The primary actions of these toxins include the disruptions of the host’s actin
cytoskeleton which simultaneously interferes with the cell-cell adhesion and promotes
apoptosis of the host cell.

P. aeruginosa uses quorum sensing to provide bacterial cell-to-cell interactions. Quorum
sensing controls transcription of toxicity genes, and the regulation of the other virulence
factors such as proteases and toxins, while also stimulating the maturation of the biofilm

within the host (Qin, Xiao et al., 2022).

1.1.4. Treatments for P. aeruginosa infections

Treatment of P. aeruginosa infection is dependent on the intrinsic and or acquired
antimicrobial resistance of the strain causing infection. The co-morbidities of the individual
can also be a contributing factor to the treatment of an infection. There are eight categories
of antibiotic that are used to treat P. aeruginosa infections: aminoglycosides, carbapenems,

cephalosporins, fluoroquinolones, penicillin with beta-lactamase inhibitors, monobactams,
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fosfomycin and polymyxins (Pottier, Gravey et al, 2023). The antipseudomonal agents
suggested as a first line treatment for respiratory P. aeruginosa infections is an
aminoglycoside with a beta-lactam penicillin (Bassetti, Vena et al., 2018). First line treatment
for skin and soft tissue infections with P. aeruginosa is directly dependent on the results of
the in vitro susceptibility testing and is generally treated with a beta lactam antibiotic
(cefepime), a carbapenem (meropenem) or a fluoroquinolone (ciprofloxacin), (Bassetti, Vena

et al., 2018)

1.1.5. Resistance mechanisms of Pseudomonas aeruginosa

Resistance can be categorised into multi drug-resistant (MDR), extensively drug-resistant
(XDR) and pandrug-resistant (PDR). Multidrug resistance is defined as resistance being
observed in one or more agents in three categories (Magiorakos, Srinivasan et al., 2012). XDR
is determined by resistance being observed in in at least one agent in six or more categories
and PDR is determined by the resistance being observed in all agents in each respective

category (Basak, Singh et al., 2016).

1.1.6 Intrinsic resistance

P. aeruginosa has intrinsic antimicrobial resistance methods including reduced outer
membrane permeability, efflux systems and antibiotic-inactivating enzymes, to decrease the

efficacy of individual or multiple antimicrobial agents (Pachori, Gothalwal et al., 2019).
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Alterations in the outer membrane permeability directly impact the ability for the antibiotics
to pass through the cell membrane (Delcour, 2009). This decreases the efficacy of antibiotics
with modes of action inside the cell and periplasmic space, such as inhibiting bacterial protein
synthesis, interfering DNA replication and blocking bacterial cell wall biosynthesis. Penicillin-
binding protein 3 (PBP3) is essential for the growth and remodelling of peptidoglycan in the
cell wall of P. aeruginosa (Chen, Zhang et al., 2017). Mutations within the gene fts/ which
encodes for PBP3 have undergone selective pressure to alter the active site of the PBP to
reduce binding affinity and decrease the efficacy of beta-lactam antibiotics for cell lysis

(Horcajada, Montero et al., 2019).

Porin channels used for the uptake of molecules into the cell, are used by some classes of
antibiotics to gain entry to bacterial cells. Mutations within the genes parR and parS in P.
aeruginosa cause a downregulation of the narrow outer membrane porin protein OprD which
provides a specific channel for basic amino acids and small peptides (Li, Luo et al., 2012).
Carbapenems share a similar structural composition to amino acids and small peptides, which
enables the uptake through OprD (Delcour, 2009). Therefore, decreasing the permeability of
the outer cell membrane, decreases antibiotic action and uptake and further contributing to

resistance in P. aeruginosa.

Efflux systems allow the bacterium to eject toxic compounds, macromolecules and antibiotics
from the intracellular matrix and periplasmic space to prevent cell death. There are five
families of bacterial efflux pumps: resistance-nodulation-division (RND), major facilitator
superfamily (MFS), ATP-binding cassette (ABC), small multidrug resistance (SMR) and

multidrug and toxic compound extrusion (MATE) (Sharma, Gupta et al., 2019). Antibiotic
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resistance due to the efflux pump family RND in which P. aeruginosa expresses twelve efflux
pumps in total with four which give rise to further antibiotic resistance; MexAB-OprM,
MexCD-OprJ, MexEF-OprN, and MexXY-OprM (Lorusso, Carrara et al., 2022).

In particular the hyperproduction of the RND transporter MexAB-OprM, encoded for on genes
mexR, nalC and nalD is used to transport fluroquinolones, carbapenems and
carboxypenicillins out of the cell (Pang, Raudonis et al., 2019), whereas MexCD-Oprl is able
to expel beta-lactams, MexEF-OprN can remove quinolones and MexXY-OprM eliminates
aminoglycosides. This decreases the antibiotics action and contributes to increased resistance

(Lorusso, Carrara et al., 2022).

Beta-lactamase and aminoglycoside-modifying enzymes hydrolyse amide and ester bonds
and are able to inactivate antibiotics. (Pang, Raudonis et al., 2019).

The beta-lactam enzymes can be categorised into four classes (A, B, C and D) depending on
the amino acid sequence (Tooke, Hinchliffe et al., 2019). P. aeruginosa utilises the enzyme
beta-lactamase, which is encoded by the ampC gene (Glen and Lamont 2021). The enzyme
hydrolyses the amide bond within the beta-lactam ring inactivating the antibiotic, which
consequently is no longer able to inhibit bacterial wall synthesis. Class C beta-lactamase
enzymes inhibit antipseudomonal agents such as cephalosporins by hydrolysing the beta
lactam rings with active sites containing serine (Tooke, Hinchliffe et al., 2019). However, it has
been shown that some P. geruginosa strains can produce extended-spectrum-beta lactamase
enzymes (ESBLs), which are part of the enzyme classes A and D (Glen and Lamont 2021),
further increasing the resistance to beta-lactam antibiotics including penicillins,

cephalosporins and aztreonam.
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1.1.7. Acquired resistance.

Acquired antibiotic resistance in bacteria can arise through mutation of genes or the
acquisition of resistance genes through horizontal gene transfer.

Gene mutations can cause cellular changes such as the overexpression of efflux pumps,
production of antibiotic — inactivating enzymes or modifications of antibiotic targets.
Mutations within the genes parR and parS in P. aeruginosa causes a downregulation of the
membrane porin protein OprD (Pang, Raudonis et al., 2019).

Horizontal transfer of resistance genes is a result of the movement of genetic information
between organisms. Resistance genes can be carried on plasmids, transposons, integrons and
prophages. The horizontal gene transfer mechanisms are transformation, conjugation and
transduction. Transformation occurs when there is an uptake of DNA from the surrounding
environment into the bacterium. When the gene is directly transferred from one cell to
another cell, this is the mechanism conjugation. Furthermore, the final mechanism is
transduction, which occurs when bacteriophages move genetic information from one cell to

another (Pang, Raudonis et al., 2019).

1.1.8. Adaptive resistance

The bacterium has the ability to adapt to survive within environments that are less than
optimal, such as introducing antibiotics to the environment. Environmental stimuli to P.
aeruginosa can result in the formation of a biofilm and the generation of persister cells.
Persister cells are responsible for approximately 1% of the bacterial population, which can

increase in exponential and stationary phase cultures (Lewis, 2008). Research suggests that
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the increase of persister cells in cultures can be attributed to oxidative stress, DNA damage
and the presence of antibiotics (Grassi, Di Luca et al.,, 2017). Persister cells contribute to
chronic infections and increasing antibiotic resistance as the cells allow for regrowth and
recolonisation after initial antibiotic treatment, therefore presenting further challenges for

the treatment of infections including that of P. aeruginosa (Grassi, Di Luca et al., 2017).

1.2.1. Introduction to Cystic fibrosis

Cystic Fibrosis (CF) is a recessive autosomal disease, that is characterised by the mutation of
the cystic fibrosis transmembrane conductance regulatory (CFTR) gene on chromosome 7
that encodes for the CFTR protein (Manos, 2021).

CF predominantly occurs within the Caucasian population with 1 in 2,500-3,500 new-borns
diagnosed each year (Nayak, 2012). Mutations in the CFTR gene cause either the production
of malfunctional proteins or absent CFTR protein to be synthesised (Manos, 2021). The CFTR
protein is responsible for the movement of chloride and bicarbonate ions and regulates the
sodium and potassium ion channels within the epithelial cell membrane of the respiratory,
gastrointestinal, and reproductive system (Liou, 2019). Without the functional CFTR protein
the pathophysiology presented by CF is the secretion of abnormal dehydrated viscous mucus
that coats the walls of the lungs (Clunes and Boucher 2007). The large amounts of viscous
mucus present in the lungs provides an optimum environment for bacterial colonisation by
species such as Pseudomonas aeruginosa (Figure 1.1). Therefore, frequent use of antibiotics

in bacterial infections for CF patients promotes the colonisation of increasingly resistant
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strains of organisms on the sticky mucus coating the upper and lower respiratory tract along

with the lungs.

The ecology of the cystic fibrosis pulmonary microbiome is highly diverse and includes
bacteria, viruses, fungi and archaea. The cystic fibrosis ecological succession model described
by Khanolkar (2020), identifies five clear stages: barren, pioneer, intermediate, climax and
perturbation. This is also associated with six age ranges. The barren stage is associated with
the neonatal period in which colonisation of the neonate can arise during delivery and is
related to the different methods of delivery (Khanolkar, Clark et al., 2020). The pioneer stage,
associated with infancy is responsible for colonisation by multiple strains including
Staphylococcus aureus, Haemophilus influenzae and Streptococcus spp. in the upper
respiratory system (Khanolkar, Clark et al., 2020). Once the individual has reached childhood
and progresses to adolescence and further to adulthood the microbiome succession goes
from intermediate to climax. ‘Intermediate’ is characterised by the increased incidence of
Pseudomonas aeruginosa, Burkholderia cepacia complex (BCC), Stenotrophomonas sp. and
Achromobacter sp. (Khanolkar, Clark et al., 2020). The climax phase is typically represented
by colonisation with P. aeruginosa and Burkholderia cepacia complex (Khanolkar, Clark et al.,
2020). Furthermore, succession can then increase to perturbation during the stage of
exacerbation, in which growth of anaerobes such as Prevotella spp. (Khanolkar, Clark et al.,
2020), can result in a significant health challenge to the individual and can provide the

conditions for adaptive resistance of the overall microbiome.

Factors that can affect the microbiome of the CF lung include age, pulmonary exacerbations,

antibiotic exposure, host immunity, genetic background, disease state, and lung function of
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the individual (Frangoise and Héry-Arnaud 2020). The lung function of an individual is
measured by forced expiratory volume, which decreases with increased age. This also
correlates to the ecological succession stage of climax because with decreased lung capacity,
there is a decrease in the diversity of the microbiome and the dominance of P. geruginosa
and Burkholderia cepacia complex occurs (Frangoise and Héry-Arnaud 2020). Similarly,
exposure to antibiotics can also decrease the diversity of the microbiome as the susceptible
organisms will be killed by the antibiotic, and the selective pressure will allow for the increase
of antibiotic resistant bacteria in the microbiome (Khanolkar, Clark et al., 2020). In parallel to
this, the increase of pulmonary exacerbations relates to the decrease of lung function, hence
a decrease in the overall diversity of the microbiome but an increase in the dominant

pathogenic bacteria (Francoise and Héry-Arnaud 2020).
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Prevalence of Respiratory Microorganisms by Age Cohort, 2019
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Figure 1. 1. The prevalence of bacterial respiratory infections in patients with cystic fibrosis in relation to age
(Manos, 2021).
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1.2.2 Current treatment methodologies for Cystic Fibrosis

Treatments for CF include preventative methods and therapeutic medication for infections
(Doring et al., 2012). Preventive methods include antibiotic prophylaxis, airway clearance
techniques (ACT) such as lung lavages, active cycle of breathing techniques (ACBT), autogenic
drainage, positive expiratory pressure (PEP) devices and bronchodilators (Lee, Button and
Tannenbaum, 2017). These ACTs are used to dilate and expectorate excess mucus from the
respiratory tracts, aiding in the reduction of bacterial infections in CF patients. A synergistic
approach to support the reduction in mucus is the use of hypertonic saline and ivacaftor,
which is a transmembrane conductance regulator potentiator (TCRP) (Donaldson et al., 2018).
A TRCP allows increased volume of chloride ions at the CSM which in turn thins the mucus
(Tildy and Rogers, 2015). Furthermore, antibiotics are used as a prophylaxis for chest
infections. Thus for P. aeruginosa, meropenem is given for susceptible strains but for
meropenem resistant strains a treatment of ciprofloxacin or amikacin is given via intravenous

injections (Doi, 2019).

1.3.1. Introduction to antimicrobial agents

Antibiotics can be grouped by the mode of action and the cellular synthesis they inhibit. Cell
wall synthesis inhibition antibiotics are described as either beta-lactam e.g., meropenem or
glycopeptides. There are five other antibiotic groups that inhibit either protein synthesis, DNA
synthesis, folic acid synthesis, mRNA synthesis or DNA (damage) synthesis (Kapoor, Saigal et

al., 2017).
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Beta lactam antibiotics are further split into four classifications: penicillin, cephalosporins,
carbapenems, monobactams (Bush and Bradford, 2016). Beta-lactams have a mode of action
which disrupts the bacterial cell wall formation via interfering with the synthesis of the cross
linking in the peptidoglycan and weakening the cell wall to cause bacterial lysis and cell death
(Kapoor, Saigal et al., 2017), thereby classifying beta-lactams as bactericidal for susceptible
strains of bacteria.

The bacterial cell walls consist of peptidoglycan which are linear chains of polysaccharides in
the formation of a three-dimensional crystal lattice. Each polysaccharide chain consists of N-
acetylglucosamine (NAG) and N- acetylmuramic acid (NAM) in an alternating pattern, along
with pentapeptides forming cross links via the enzymatic action of D-alanyl-D-alanine-
transpeptidases (DD-transpeptidases), commonly known as penicillin binding proteins (PBP)
(Yadav, Espaillat and Cava, 2018). Beta lactam antibiotics cause the weakening of the cell wall
by disabling DD-transpeptidases between each linear chain, in turn weakening the cross links
and consequently the full bacterial cell wall causing cell lysis and cell death (Cho, Uehara and
Bernhardt, 2014).

Resistance to beta-lactam antibiotics is rising due the horizontal transfer of genes coding for
modification of penicillin binding proteins and the production of beta-lactamases enzymes.
The production of beta-lactamase enzymes which are an intrinsic resistance mechanism
within P. aeruginosa, inactivates the antibiotic by hydrolysing the beta-lactam ring (Tooke et
al., 2019). In addition, the production of an altered form of the PBP caused by mutations in
ftsl which encodes for PBP3 inhibits the action of beta-lactam antibiotics due to a lower
binding affinity between the PBP active site and beta-lactam antibiotics. However, this
limitation can be overcome by the use of beta-lactamase inhibitors in conjunction with beta-

lactam antibiotics (Bush and Bradford, 2016) to prevent the hydrolysis of the beta-lactamring,
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therefore increasing the efficacy. An example of this is tazobactam and piperacillin for the

treatment of P. aeruginosa infections (Bush and Bradford, 2016).

Glycopeptides e.g., vancomycin also inhibit cell wall synthesis in Gram positive bacteria.
Similarly, to beta lactams, glycopeptides affect cell wall synthesis by the cyclic peptide of the
glycopeptide binding to amino acids D-alanyl-D-alanine-transpeptidase preventing the
addition of new units to form the crystalline lattice (Zeng, Debabov et al., 2016). The
difference between beta-lactams and glycopeptides is that they are only effective against
Gram positive bacteria because the antibiotic is unable to penetrate the lipopolysaccharide
containing outer membrane of Gram negative bacteria.

Limitations of glycopeptides include the poor penetration to body tissue, nephrotoxicity and
administration via intravenously or orally for vancomycin, restricting the clinical use of

glycopeptides (Ziglam and Finch, 2001).

Aminoglycosides, tetracyclines, macrolides and lincosamides inhibit bacterial protein
synthesis. Protein synthesis inhibitors can act on the 30S/50s ribosomal subunit (Kapoor,
Saigal et al., 2017). This prevents the amino acids forming peptide bonds, consequently
stopping the synthesis of proteins within the cell and causing cell lysis. Resistance to protein
synthesis inhibitors is caused by alterations to the ribosomal binding site, inhibiting antibiotic
binding. Limitations of the use of aminoglycosides include that of nephrotoxicity,

neuromuscular blockade and increased resistance (Kapoor, Saigal et al., 2017).

Fluoroquinolones are part of the DNA topoisomerase synthesis inhibitors.
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Fluoroquinolones, act within the intracellular space of the bacterium, targeting DNA gyrase
or topoisomerase to inhibit the supercoiling within the bacterial cell (Hooper and Jacoby,
2016);which is used to maintain the proper chromosomal structure within the DNA strand.
Limitations of fluoroquinolones include adverse side effects, toxicity and increased resistance
(Hooper and Jacoby, 2016).

Furthermore, limitations to the use of antibiotics are the increasing resistance among P.
aeruginosa with 93% being resistant to ampicillin, 89.5 % resistant to gentamicin and 2.9%

resistant to imipenem (Ahmadi, Hashemian et al., 2016).

1.4.1. Meropenem

o

Figure 1. 2. Diagram to show the chemical structure of meropenem (National Center for Biotechnology Information
2023).

Meropenem, is a broad-spectrum carbapenem antibiotic effective against Gram positive and
Gram negative bacteria. The meropenem molecule is sparingly soluble in water with a

solubility value of 5.36mg/mL and a partition coefficient (LogP) of -0.46. The strongest acidic
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pKa for meropenem in a crystalline powdered form is 2.9 and the strongest basic pKa is 7.4.
Research conducted by (Fawaz et al., 2019) showed that once meropenem is reconstituted
that the 90% of the molecule is intact after 7.4 hours at 22 ° C, therefore the stability
decreases after reconstitution and kept before use in crystalline form to increase stability.
Meropenem inhibits cell wall synthesis by blocking the activity of DD-transpeptidase in the
peri-plasmic space between the cell wall and cell membrane (Meletis, 2016). Dosages are
dependent on the age of the individual and the infection. The National Institute for Health
and Care Excellence (NICE, 2023) advises that for adults with lower respiratory-tract infection
in cystic fibrosis, meningitis and endocarditis, two grams of meropenem should be infused
every 8 hours. For infections caused by aerobic and anaerobic Gram positive and Gram
negative bacteria and in hospital-acquired septicaemia, 0.5-1 gram is infused intravenously
every 8 hours for an adult individual (NICE, 2023).  The half-life of meropenem is
approximately one hour within adults and with normal renal function (Fish, 2006). In
neonates the half-life extends to approximately two hours and in preterm neonates to
approximately three hours (Maria Pacifici 2019). Elimination of intravenous meropenem can
be detected within the urine after 12 hours with approximately 70% unchanged
(Thalhammer, Schenk et al., 1998). The utility and administration in a clinical setting is limited
due to the current prescribing information that a three-hour infusion must be completed
within four hours upon reconstitution as meropenem is stable for ~4-6 hours when stored at
25° C (Fawaz, Barton et al., 2019). This is due to the instability of meropenem in aqueous
solution.

Meropenem is well tolerated within the body. Some patients experience adverse side effects
including diarrhoea, rash, vomiting and inflammation at the injection site (Linden, 2007) or

severe side effects for example seizures (NICE, 2023).
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1.5.1 Introduction to antibiotic resistance

Antibiotic resistance is the result of the evolutionary and mutational changes within bacteria
(Dadgostar, 2019). According to the English Surveillance Programme for Antimicrobial
Utilisation and Resistance (ESPAUR) report, the number of severe antibiotic resistant
infections in England rose by 2.2% in 2021, compared to 2020 (Ashiru-Oredope, Cunningham
et al., 2023). The ESPAUR study found that 20.9% of bloodstream infections, in patients with
white ethnic background were caused by antibiotic resistant strains (Ashiru-Oredope,
Cunningham et al., 2023). Similarly, 32.8% of infections in patients from Asian or British Asian
background and 31.8% of those with the Black, African, Caribbean or Black British ethnicities
had infections caused by resistant strains (Ashiru-Oredope, Cunningham et al., 2023).

The increased use and misuse of antibiotics within the health care system contributes to
increased antibiotic resistant strains of bacteria. Antibiotic misuse in the clinical setting
includes over prescribing for non-bacterial infections (Mohareb, Letourneau et al., 2021).
Community scenarios of antibiotic misuse include the sharing of antibiotics between
individuals or the reuse of left over antibiotics from a previous prescription (Wong, Alias et
al., 2021).

The use of antibiotics within the agricultural sector also contributes to the development of
resistant bacterial strains. The agricultural sector uses antibiotics in the livestock feed as a
prophylaxis to prevent and treats infections along with the abilities to promote growth
(Kasimanickam, Kasimanickam et al., 2021). Antibiotic and their metabolite residues can be

found in animal manure which and can contaminate surfaces, soil and groundwater along
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with wastewater and farm surface water that does not absorb into the ground due to
irrigation (Manyi-Loh, Mamphweli et al., 2018). The contamination of natural water reservoirs
is particularly problematic due to antibiotics with high water solubility, which can lead to
increased spread in the environment. Similarly, the use of animal manure to fertilise land can
also contribute to the spread of antibiotics and metabolites (Manyi-Loh, Mamphweli et al.,
2018). This is a direct factor in the development of resistant strains of bacteria as the
environmental leaching of antibiotics and metabolites affect environmental bacteria. The

selective environmental pressure allows for adaptive and acquired resistance in bacteria.

The World Health Organisation (WHQ) has highlighted ways each section within the clinical
settings, agricultural settings, and individuals can do to prevent and control of antibiotic
resistance (World Health Organisation, 2021). Prevention strategies for health care workers
include the reporting of resistant strains and the regulation of appropriate use of antibiotics
for suitable treatment of infections (Zanichelli, Sharland et al., 2023). Strategies for
individuals include the prevention of infection through good hygiene, the use of antibiotics
that have been prescribed and to not share or reuse unused and leftover antibiotics (World
Health Organisation, 2021). Those within the agricultural sector can aid in the prevention of
antimicrobial resistance by the vaccination of animals, the administration of antibiotics to
animals under veterinary supervision and eliminating the use of antibiotics for growth
promotion or prophylaxis (Zanichelli, Sharland et al., 2023).

Within the clinical setting, in order to treat antibiotic resistant strains, the use of antimicrobial
susceptibility testing can allow for the appropriate selection of antibiotics instead of giving

multiple dosages of multiple antibiotics. This principle is implemented within the United
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Kingdom by the General Pharmaceutical Council with the ‘Start smart then Focus’ campaign
(UK Health Security Agency, 2023).

In addition, as global antimicrobial resistance is increasing the development of new antibiotics
and reservation of key antibiotics is becoming a requirement. This is important as it provides
patients a viable treatment to multi drug resistant bacteria (World Health Organisation,
2021).

Furthermore, the WHO (2016) have established a ‘Global action plan on antimicrobial
resistance’. The action plan defines five critical objectives. The objectives are to improve
awareness of antimicrobial resistance, increase the research and surveillance of both
resistant and susceptible strains of bacteria, reduce the spread of infections, optimize the use
of antimicrobials and to invest in future measures to counter the ever-growing problem of

antimicrobial resistance (World Health Organisation 2016).

1.6.1 Introduction to nanoparticles

Nanoparticles are spherical or rod-shaped particles composed of natural or inorganic
polymers, within a size range of 10-500nm, with applications in delivering drugs across
biological barriers (Singla and Upadhyayula, 2022). Types of nanoparticles that can be used
consists of three main categories: polymeric, inorganic and lipid based. Polymeric
nanoparticles are subcategorised into polymersome, dendrimers, polymer micelle and
nanosphere (Mitchell, Billingsley et al., 2021). Advantages of the use of polymeric
nanoparticles consists of precise control of particle characteristics, payload flexibility for

hydrophilic and hydrophobic cargo and easy surface modification. However, disadvantages
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include poor stability due to the possibility of aggregation and toxicity (ElImowafy, Shalaby et
al., 2023).

Similarly, inorganic nanoparticles can be subcategorised into silica nanoparticles, quantum
dot, iron oxide nanoparticles and gold nanoparticles. Inorganic nanoparticles have unique
electrical, magnetic and optical properties, can vary in size, structure and geometry and are
well suited for theranostic applications but also have toxicity and solubility limitations
(Laurent, Forge et al., 2008).

Lipid based nanoparticles are subcategorised into liposomes, solid lipid nanoparticles (SLN),
nanostructured lipid carriers (NLCs) and nanoemulsions. Lipid based nanoparticles have
advantages of high bioavailability and payload flexibility especially with solid lipid
nanoparticles (SLN) and nanostructured lipid carriers (NLC) (Dhiman, Awasthi et al., 2021).
Limitations to SLNs include low encapsulation efficiency due to the ridged crystalline lipid
matrix, causing drug expulsion and burst release. However, these limitations have been
overcome by the development of second-generation lipid based nanoparticles; NLCs allowing
for increased drug payload in the amorphous lipid matrix consequently extending drug

release (Dhiman, Awasthi et al., 2021).

Nanoparticles can be used as a targeted treatment therapy by utilizing a controlled delivery
and release of either organic or inorganic pharmaceutical compounds at a specific target site.
For example, the use of protein ligands such as single domain antibodies can be used for
active targeting in bacterial infections (Gao et al., 2014). Both organic and synthetic drugs are
often encapsulated to nanoparticles due to low solubility of the drug proposed in either water

or nontoxic solutes (Patra et al., 2018). Conjugating drugs to nanoparticles are determined by
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several factors including physical structures, toxicity, chemical structure, and surface charge
of the conjugated particles.

The uptake of nanoparticles within bacterial and eukaryotic can be either passive or active.
Passive uptake is categorised as pinocytosis and is limited due to the limited permeability of
the cell membrane, therefore limiting the passive diffusion to small particles with a neutral
charge (Mitchell, Billingsley et al., 2021). Active diffusion of molecules can be achieved via
three possible pathways caveolin-mediated endocytosis, clathrin-mediated endocytosis and
independent endocytosis. The endocytic pathways are influenced by the characteristics of the
nanoparticles including rigidness and size. Rod shaped nanoparticles are most commonly
diffused by caveolin-mediated endocytosis, which occur in molecules smaller than
approximately 60 nanometres (Sousa de Almeida, Susnik et al., 2021), whereas spherical
nanoparticles are most commonly diffused using clathrin-mediated endocytosis, which is
receptor mediated and which relies on the electrostatic or hydrophobic interactions of
nanoparticles and the cell membrane in areas that have high expression of clathrin (Sousa de
Almeida, Susnik et al, 2021). Caveolin-mediated endocytosis and clathrin-mediated

endocytosis occur in mammalian cells and bacteria.

Factors that can affect the uptake and dispersion of nanoparticles throughout the human
body include size, shape, charge, surface coating and targeting ligands appended to the
nanoparticles. Nanoparticles that are spherical compared to rod shaped are less likely to
promote margination which is the migration of white blood cells to the endothelium in the
inflammatory response (Mitchell, Billingsley et al., 2021). The negatively charged are also less
likely to be cleared by macrophages in phagocytosis than the nanoparticles which are

positively charged (Mitchell, Billingsley et al., 2021). However, rod shaped and negatively

36



charged nanoparticles are more able to penetrate tumours because of larger than normal
intercellular gaps, example of this is the use of gold nanorods for biomedical imagining
(Ashikbayeva, Tosi et al., 2019). Negatively charged spherical nanoparticles are also able to
pass through mucosal barriers. This can be seen in the study conducted by Lai (2023)
investigating the use of lipid nanoparticles for therapeutic potential of Helicobacter pylori.
This is important for individuals with CF due to increased viscous mucous layers. Additionally,
the human body has a multitude of biological barriers that also impacts the distribution of
nanoparticles. Nanoparticles can be administered by inhalation, injection or orally so
circulation within the body is a barrier which affects biodistribution because blood flow,
phagocytosis by white blood cells and excretion can all reduce the circulation time and
delivery of the nanoparticles to the target site (Mitchell, Billingsley et al., 2021). Despite this,
nanoparticles can be tailored to overcome such limitations because physicochemical
properties can be altered, such as PEGylation whereby nanoparticles are coated with suitable
polyethylene glycol (PEG), or surface modifications such as platelet membrane cloaking. An
example of this is Paclitaxel-loaded nanoparticles with platelet membranes (PM-lipid-PTX)
used for chemotherapy (Han, Bartolo et al., 2022). Platelet membrane cloaking is used in
order to prevent the recognition and phagocytosis of the nanoparticle by immune response.
Similarly, the distribution of nanoparticle is also directly linked to the administration route.
The excretion of nanoparticles is affected by the characterisation of the nanoparticle, such as
the size. For example, small nanoparticles are more readily able to cross the capillary walls
(Mitchell, Billingsley et al., 2021). This therefore allows for accumulation of larger
nanoparticles in organs such as the liver and spleen. This can be overcome by the addition of
targeting motifs such as antibodies or glucose on the nanoparticle surface. Along with this

the physical barriers also impact the distribution of nanoparticles, including the tight junctions

37



of the epithelial and endothelial cells of the blood brain barrier or the gastrointestinal tract
(Mitchell, Billingsley et al., 2021). Furthermore, the microenvironment can also affect the
circulation, stability and the physical characteristics of the nanoparticles. For example, in the
gastrointestinal system, a low pH may induce the degradation of the nanoparticles, and

therefore the overall stability decreases.

1.6.2 Nanostructured lipid carriers

Nanostructured lipid carriers (NLCs) are constructed of an outer surfactant layer and an inner
matrix formed of amorphous liquid lipids and crystalline solid lipids (Figure 1.3) with the
particle size varying from 10-1000nm (Mukherjee, Ray and Thakur, 2009). NLCs are comprised
of solid and liquid lipids which in combination allows for enhanced drug loading and
decreased amounts of drug leaching out of the NLCs during storage (Khosa, Reddi and Saha,
2018). Additionally, NLCs are considered nontoxic, as they are produced from organic
monomers including triglycerides. The advantages of NLCs are their high versatility due to the
enhanced drug loading capabilities, improved stability, and drug release flexibility (Khosa,
Reddi and Saha, 2018). Similarly, the use of NLCs for encapsulating a beta-lactam antibiotic
can aid in the drug efficacy by increasing interaction with the bacterial cell wall by using
cationic NLCs to increase electrostatic interactions with the cell wall (Aflakian, Mirzavi et al.,
2023). Furthermore, the use of different components such as surfactants can allow for
prolonged and controlled release of the conjugated drug and a greater half-life. For example,
Alalaiwe et al., (2018) used a formulation containing of squalene, hexadecyl palmitate,

Phospholipon 80H®, deoxycholic acid, and Pluronic F68 to encapsulate oxacillin for treatment
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of MRSA. Advantages of the nanostructured lipid carrier include improved bioavailability,
controlled release characteristics and the protection of encapsulated drugs from degradation
(Khan et al., 2015). This is important for patients with CF as it would allow the antibiotic to
reach the site of infection before degradation. An example of inhaled nanoparticles used for
the treatment of lung cancer by Ahmad, Akhter et al., 2015 indicates the feasibility of using
nanoparticles as a feasible drug delivery system for treatment of bacterial infections in the

respiratory tract of individuals with CF.
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Figure 1. 3. lllustration to show the drug loading difference between Solid lipid nanoparticles and Nanostructured
Lipid Carriers and its components (Subramaniam et al., 2020).




1.6.3 Current therapeutic applications of nanoparticles

The use of nanoparticles within immune therapy, genome editing, and cancer therapy is being
investigated due to their abilities to overcome biological barriers. Chemotherapeutic drugs
for cancer therapy could be improved by encapsulation into nanoparticles to decrease the
toxicity of the drug to non-diseased cells by the addition of the specific targeting surface
modification (Mundekkad and Cho, 2022). Additionally, nanoparticles have also been used
for diagnostic reasons as well for therapies. An example of this is the use of lipid nanoparticles
with surface modifications of ®Cu to detect metastatic breast cancer cells (Mitchell,

Billingsley et al., 2021).

The use of nanoparticles in the pharmaceutical industry in the United States of America was
first introduced by the Food and Drug administration (FDA) by the approval of INFeD in 1992
for the application to iron deficiency anaemia (Mitchell, Billingsley et al,, 2021). In the
subsequent decade the FDA approved a further twelve nanomedicines, including four lipid-
based nanomedicines, five polymeric nanomedicines and three inorganic nanomedicines.
From 1992-2018 the FDA has approved a total of twenty-three nanomedicines with
applications varying from the treatment of fungal infections, metastatic pancreatic cancer
and multiple sclerosis (Mitchell, Billingsley et al., 2021). The nanomedicine AmBisome® is a
liposomal product encapsulating the antifungal drug amphotericin B used for antimicrobial
treatment for fungal infections such as aspergillus or candida, and is administered via

intravenous injection (Mitchell, Billingsley et al., 2021). However, there is an opportunity for
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the development and approval of nanomedicines for sensitive and increasingly resistant
bacterial infections.

There are five mechanisms of action of nanomaterials against bacteria: membrane fusion,
induction of oxidative stress, electrolyte imbalance, binding of intracellular components and
physical impairment (He, Hong et al., 2022).

Additionally, it has been reported by Yeh et al (2020) that lipid based nanoparticles including
liposomes, solid lipid carriers, nanostructured lipid carriers and nanoemulsions can be applied
as an alternative antimicrobial delivery pathway for bacteria by direct interaction with the

bacterial membrane.

1.6.4. The use of NLCs as precision medicines in other microorganisms

Novel research into the use of NLCs for treatment of bacterial infections is empirical to
antimicrobial resistance as NLCs could provide an alternative drug delivery pathway for
treatment of both sensitive and resistant strains of bacteria, consequently, improving
pharmacokinetic outcomes and decreasing the toxicity and decrease elimination of
antibiotics in the body. A study conducted by Muraca in 2021 investigated the use of
ciprofloxacin encapsulated NLCs for antimicrobial activity for treatment of P. aeruginosa
biofilm infections. The efficacy for the NLCs was determined by the characteristics including
particle size, PDI, ZP and entrapment efficiency. The antimicrobial activity of the NLCs was
determined by the minimum inhibitory concentration (MIC), which found that the
encapsulated ciprofloxacin, had the same MIC values as the MIC for free drug (Muraca, Soler-

Arango et al., 2021). Similarly, Alalaiwe et al., (2018) investigated the use of oxacillin-loaded
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NLCs as a topical treatment of sensitive and resistant strains of Staphylococcus aureus
infections. The antimicrobial effect of the NLCs was determined by the calculation of
encapsulation efficiency and the minimum bactericidal concentration (MBC) value. The
research showed that the encapsulation of oxacillin did not reduce the MBC value of the
sensitive strain but for the resistant strain the MBC value for oxacillin was 250 ug/ml whereas
oxacillin encapsulated NLC produced an MBC value of 62.5 pug/ml (Alalaiwe, Wang et al.,
2018). Alalaiwe suggested the four-fold reduction is due to the synergistic effect of the

cationic NLC and oxacillin.

1.6.5. The use of NLCs to encapsulate meropenem for use as an antimicrobial

treatment for Pseudomonas aeruginosa.

Meropenem is commonly used as a treatment for P. aeruginosa infections. However, can
only be administered to patients intravenously due to the instability of the molecule in
aqueous solution, in a clinical setting is limited due to the current prescribing information
that a three-hour infusion must be completed within four hours upon reconstitution as
meropenem is stable for ~4-6 hours when stored at 25° C (Fawaz, Barton et al., 2019). Along
with this meropenem also has a high elimination, with 70% being excreted unchanged in the
urine after 12 hours (Thalhammer, Schenk et al., 1998). Therefore, encapsulating the
meropenem molecule into a NLC could provide increased stability to the molecule, this has
also been suggested by Nguyen et al., (2022). Additionally providing a potential decrease in

elimination due to controlled release and alter the administration type of the antibiotic.
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1.7. Aims and objectives of the project.

1.7.1 Aims

The aim of the investigation was to optimise and develop meropenem encapsulated
nanostructured lipid carriers (ME-NLCs) and to evaluate the use of ME-NLCs as an
antimicrobial treatment for Pseudomonas aeruginosa infection. Additionally, to evaluate the

drug release characteristic of ME-NLCs.

1.7.2. Specific objectives

e To develop meropenem-encapsulated nanostructured lipid carriers and optimise for
product and process parameters.

e To optimise NLCs with high drug content and entrapment efficiency of meropenem

e To characterise the physicochemical properties of the ME-NLCs

e To develop and validate a high-performance liquid chromatography method for
guantification of meropenem in NLCs.

e To analyse a high-performance liquid chromatography method for quantification of
meropenem in pH 6.8 dissolution medium for drug release study for ME-NLCs.

e To evaluate and compare the antimicrobial properties of the ME-NLCs to free

meropenem as treatment of Pseudomonas aeruginosa.
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2.1. Chemicals and Reagents

Pseudomonas aeruginosa strain (ATCC 27853) was purchased from Bioconnections
(Staffordshire, United Kingdom). P. aeruginosa was cultured on both Cystine-Lactose-
Electrolyte Deficient agar (CLED) purchased from Neogen (Michigan, USA) and incubated at
37 °Cfor 24 h. All bacterial growth media and containers were sterilised by autoclaving at 121
°C for 15 minutes.

Meropenem was purchased from Activate Scientific GmbH (Prien am Chiemsee, Germany).
Sodium cholate and Oleic acid were purchased from Sigma Aldrich (Gillingham, United
Kingdom). Capryol 90 and Transcutol were purchased from Gattefosse (Neuilly-sur-Seine,
France), Kolliphor HS15 purchased from BASF (Ludwigshafen, Germany), Phospholipon 90 H,
lipoid E80 and S75 purchased from Lipoid (Ludwigshafen, Germany). Dynasan 114 was

purchased from Emery Oleochemicals (Hampshire, UK).

2.1.1 Solubility studies of liquid lipids

Solubility of meropenem in two liquid lipids, Capryol 90 and Transcutol, and one solubiliser,
Kolliphor HS15, was determined. Fifty milligrams of meropenem were added to 1ml of
solvent and mixed well by rotating in circular motion three times and repeated until

meropenem had completely dissolved.
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2.2.1 Preparation and formulation of Nanostructured Lipid Carriers

Blank NLCs and meropenem loaded NLCs (ME-NLCs) were prepared by a hot homogenisation
method. Briefly the aqueous phase was prepared with sodium cholate and Milli-q water
(Sigma-Aldrich, UK). Similarly, the lipid phase was prepared with Capryol 90, Kolliphor HS15,
Phospholipon 90 H, Lipoid E80, Lipoid S 75, Dynasan 114 and oleic acid (Table 2.1 and 2.2).

Both phases were melted separately at 80 °Cin water baths until completely molten. Both
phases were maintained at 80 °C before mixing for the formation of pre-emulsion, necessary
for the formation of nanoparticles. The hot agueous phase was added to the lipid phase and
dispersed for 30 minutes with constant mixing using a magnetic stirrer to get a coarse
emulsion (Duong, Nguyen et al., 2020). The emulsion was then homogenized using a Sonic
vibra-cell probe sonicator (Sonics & materials Inc, USA) for 3 minutes at 40% intensity to
increase dispersion and to decrease the particle size (Lason, Sikora et al., 2013). The three
minutes of sonication was determined by the optimisation of sonication time by observing
the change in particle size, poly dispersity index (PDI) and zeta potential (ZP) after intervals of
five minutes of sonication for a period of ten minutes. Further to this the sonication time was
then optimised through observing changes in one minute intervals. The homogenised product

was then allowed to cool to obtain NLCs.
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Table 2. 1. Blank formulations used for optimisation of particle size, PDI and zeta potential before encapsulating meropenem.

Oleic acid was added in the final blank (Blank 13 and 14) formulation after initial drug encapsulation to increase encapsulation efficiency and to decrease particle size.

Formulat Aqueous Phase Lipid Phase
ion No
Milli-Q Sodium Kollipho | Capryol | Kolliphor HS | Phospholipon Lipoid Lipoid Dynasan Oleic
water (ml) Cholate r P188 (mg) 15 (mg) 90H (mg) E80 (mg) | S75(mg) | 114 (mg) acid
(mg) (mg) (mg)
Blank 1 25 150 N/A 100 200 80 300 300 1000 NA
Blank 2 25 150 N/A 200 200 80 300 300 1000 NA
Blank 3 25 200 N/A 200 200 80 300 300 1000 NA
Blank 4 25 250 N/A 200 200 80 300 300 1000 NA
Blank 5 25 200 N/A 200 200 80 300 300 1000 NA
Blank 6 25 250 N/A 200 200 80 300 300 1000 NA
Blank 7 25 150 N/A 200 200 80 300 300 1000 NA
Blank 8 25 150 N/A 200 300 80 300 300 1000 NA
Blank 9 25 125 125 200 300 80 300 300 1000 NA
Blank 10 25 150 N/A 200 300 100 300 300 1000 NA
Blank 11 25 150 N/A 200 200 100 300 300 1000 NA
Blank 12 15 90 N/A 120 180 48 180 180 600 NA
Blank 13 15 90 N/A 120 180 48 180 180 600 100
Blank 14 15 90 N/A 120 250 48 180 180 600 100
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Table 2. 2.Compositions of Meropenem loaded NLC formulations (0.5mg/ml) used for optimisation of particle size, PDI, zeta potential and encapsulation efficiency.

Formula Aqueous Phase Lipid Phase
tion No
Milli-Q Sodium Meropen | Capry | Kolliphor | Phospholipo | Lipoid Lipoid Dynasan Oleic | Meropen
water Cholate em (mg) ol HS 15 (mg) | n 90H (mg) ES0 S75 114 (mg) acid em (mg)
(ml) (mg) (mg) (mg) (mg) (mg)
ME 1 15 90 7.5 120 180 48 180 180 600 N/A N/A
ME 2 15 90 N/A 120 180 48 180 180 600 N/A 7.5
ME 3 15 90 N/A 120 180 48 180 180 600 100 7.5
ME 4 15 90 N/A 120 180 48 180 180 600 100 7.5
ME 5 15 90 N/A 120 180 48 180 180 600 150 7.5
ME 6 15 90 N/A 120 180 48 180 180 600 200 7.5
ME 7* 15 90 N/A 120 250 48 180 180 600 100 7.5
ME 8 15 90 N/A 200 250 48 180 180 600 100 7.5
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2.2.2 Optimisation of blank and drug loaded NLCs.

Initially nanostructured lipid carriers were optimised without meropenem to study the effect
of the product parameter and process parameters on the critical quality attributes.

The effect of the product parameter was investigated by increasing surfactant concentration
of sodium cholate (100-250mg) and liquid lipids concentrations Capryol 90 (120mg and
200mg), oleic acid (100-200mg) and solubiliser Kolliphor HS15 (200mg and 300mg)
individually. The effects of product parameters were studied by observing the changes in
particle size, poly dispersity index (PDI) and zeta potential (ZP).

The effect of the process parameter, sonication time was also studied by observing the
change in particle size, poly dispersity index (PDI) and zeta potential (ZP) after intervals of five
minutes of sonication for a period of ten minutes. The optimised nondrug loaded formulation
was taken for loading with meropenem, and further optimisation was to determine the
amount of drug to be added and the selection of liquid lipid.

The drug loaded formulation was optimised by observing the change in particle size, poly
dispersity index (PDI) and zeta potential (ZP) when the drug was added within the aqueous
phase and then the lipid phase and compared using encapsulation efficiency and was
discovered that within the aqueous phase encapsulation was lower therefore formulations

ME 2- ME 8 (Table 2.2) meropenem was added to the lipid phase.

2.2.3. NLCs characterisation

The particle size, poly dispersion index (PDI) and zeta potential (ZP) of both the blank NLCs
and ME-NLCs were measured by dynamic light scattering (DLS) at 90° and 173° with a

wavelength of 633nm using a Malvern Zetasizer (Zetasizer Nano ZS, Malvern Instruments, UK)
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at 25 °C (Mhango, Kalhapure et al., 2017). The physical stability of the blank and ME-NLCs
particles regarding particle size, PDI and ZP was measured for 48 hours. The samples were
kept at ambient room temperature. All samples tested were not diluted and each test was

done in triplicate.

2.2.4. Lyophilisation of NLCs

Lyophilisation was conducted by adding 1ml of a cryoprotectant sucrose solution at
concentrations of 5%, 7% and 10% to 1ml of ME-NLCs dispersion.

This product was then frozen at -70 °C for 24 hours. Once frozen, the samples were placed
into the Christ Alpha 2-4 LDplus freeze dryer (Martin Christ Gefriertrocknungsanlagen GmbH,
Germany). Samples were then put under the conditions of -90°C for 48 hours (Khan, Mudassir
et al., 2019). Once completely lyophilised the samples were sealed and placed in

-20°C freezer. The lyophilised nanoparticles which were stored for five weeks in a -20°C
freezer was then analysed by observing the change of particle size, poly dispersion index (PDI)

and zeta potential (ZP) after reconstitution using 2ml of Milli-Q water.
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Table 2. 3 Compositions of Meropenem loaded NLCs formulated using four different percentages of cryoprotectant for lyophilisation.

Forrrln;Ioatio Aqueous Phase Lipid Phase Cr\é::r::te
Milli-Q Sodium Capryol Kolliphor HS Phospholipon Lipoid E80 | Lipoid S75 | Dynasan 114 | Oleic acid | Meropenem Sucrose
water (ml) | Cholate (mg) (mg) 15 (mg) 90H (mg) (mg) (mg) (mg) (mg) (mg) (%)
ME 7 15 90 120 250 48 180 180 600 100 7.5 0
ME 7- 5% 15 90 120 250 48 180 180 600 100 7.5 5
ME 7 - 7% 15 90 120 250 48 180 180 600 100 7.5 7
ME 7 - 10% 15 90 120 250 48 180 180 600 100 7.5 10
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2.3. Differential Scanning Calorimetry of meropenem, blank NLC and ME-NLC

Differential scanning calorimetry (DSC) analysis of meropenem, Dynasan 114, the physical
mixture of the lipid phase containing meropenem, and blank NLCs were performed using the
DSC Q2000 TA (Thermal Analysis Instruments, Delaware, USA). The instrument was calibrated
with an empty reference pan. Samples (3-7mg) were heated in hermetic aluminium pans
purchased from TA instruments (Thermal Analysis Instruments, Delaware, USA) under a dry
nitrogen environment. The analysis was performed at a heating rate of 10 °C per minute to

300 °C (Mhango, Kalhapure et al., 2017).

2.4. Fourier transform infrared spectroscopy (FTIR) of meropenem, blank NLC

and ME-NLC

The interaction between the materials was measured using FTIR (Nicolet iS 10 FTIR, Thermo
Scientific, UK). Meropenem in aqueous solution was investigated against ME-NLCs and Blank
NLCs. Samples were measured in the range of 500-4000 cm™ using a crystal and a resolution
of 0.5 cm™ (Zwain, Alder et al., 2021). The data were analysed using the OMNIC software

(Thermo Scientific, UK).
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2.5. High-Performance Liquid Chromatography of meropenem

A HPLC method was developed to quantify meropenem in NLCs and determine the drug

loading and drug release from NLCs.

2.5.1 Preparation of pH 2.7 Orthophosphate buffer

Monobasic potassium phosphate (0.68g) and triethanolamine (1.13g) were dissolved in
400ml of Milli-Q water. The volume was then made up to 500ml in a volumetric flask with

Milli-Q water. The pH was adjusted using orthophosphoric acid.

2.5.2 Preparation of pH 6.8 orthophosphate buffer

Monobasic potassium phosphate (5.7 grams) and disodium hydrogen phosphate (14.1 grams)
were dissolved in 400ml of Milli-Q water. The volume was then made up to 500ml in a

volumetric flask with Milli-Q water. The pH was adjusted using orthophosphoric acid.

2.5.3. Preparation of standard solution in water

Ten milligrams of meropenem were accurately weighed and transferred to a 10 ml volumetric
flask. The volume was made up with Milli-Q water and mixed thoroughly using a vortex. Five
hundred microlitres of aliquot was withdrawn and transferred into 1.5ml centrifuge tubes

and frozen at -20°C to prevent drug degradation.
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2.5.4. Preparation of standard solution in pH 6.8 buffer

Ten milligrams of meropenem were accurately weighed and transferred to a 10 ml volumetric
flask. The volume was made up with pH 6.8 orthophosphate buffer and mixed thoroughly

using a vortex. Each standard solution was made up on the day of use.

2.5.5. Optimisation of chromatographic conditions for validation of

meropenem in water

The system comprised of an Agilent technologies (Agilent HPLC 1260 Infinity, Agilent
Technologies, USA) HPLC Pump equipped with Agilent technologies UV/VIS detector. The
column used for chromatography was Kinetex 5 p C18 100 A, 150x4, 6 mm (Phenomenex,
Castelmaggiore, Bologna, Italy). The column temperature was maintained at 25°C. The data
were observed using Agilent’s software OpenLAB CDS CS Workstation (Agilent Technologies,
USA). The wavelength for detection of meropenem, mobile phase ratio and peak symmetry
were optimised individually to obtain a well separated peak of meropenem with a retention
time within 5 to 10 minutes. The mobile phase, composed of orthophosphate buffer and
methanol: (84:16%); adjusted to a pH of 2.7, was used for the validation study. The mobile
phase was degassed ultrasonically for five minutes after mixing. A standard solution of
meropenem at 10ug/ml concentration was used for optimisation of chromatographic
conditions. Twenty microliters of the test solution were injected. The flow rate was
maintained at 0.77 ml/min. The detection was carried out at a wavelength of 308 nm. The run

time for the analysis was 18 min.
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2.5.6. Chromatographic conditions for analysis of meropenem concentration

in orthophosphate buffer pH 6.8

An orthophosphate buffer of pH6.8 was used in the analysis of meropenem concentration
released from the NLC as the buffer mimics that of an in vitro release.

The system comprised of an Agilent technologies (Agilent HPLC 1260 Infinity, Agilent
Technologies, USA) HPLC Pump equipped with Agilent technologies UV/VIS detector. The
column used for chromatography was Kinetex 5 p C18 100 A, 150x4, 6 mm (Phenomenex,
Castelmaggiore, Bologna, Italy). The column temperature was maintained at 25°C. The data
were observed using Agilent’s software OpenLAB CDS CS Workstation (Agilent Technologies,
USA). Wavelength for detection, mobile phase ratio and peak symmetry were optimised
individually to obtain a well separated peak of meropenem with a retention time within 5 to
10 minutes. The mobile phase, composed of orthophosphate buffer and methanol: (80:20%);
adjusted to a pH of 6.8, was used for the study. The mobile phase was degassed ultrasonically
for five minutes after mixing. Twenty microliters of the sample were injected. The flow rate
was maintained at 0.9 ml/min. The detection was carried out at a wavelength of 308 nm. The
run time for the analysis was 10 min. The difference between the run times for pH 6.8 and

pH2.7 were due to the flow rate, pH and the ratio of the mobile phase.
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2.5.7. HPLC method validation

The HPLC methods were validated in accordance with the International Conference on
Harmonisation (ICH) guidelines for validation of analytical procedures (European Medicines

Agency, 1995).

2.5.7.1 Linearity of HPLC method

A stock solution of meropenem (100ug/ml) was prepared in water. The stock solution was
suitably diluted to obtain working standards at concentrations of 2, 4, 8, 10, 16, 20 ug/ml. At
each concentration level, HPLC analysis was carried out in triplicate. The peak areas versus
concentration data were evaluated by linear regression analysis. Data sets corresponding to
three sets of triplicates were analysed by mean and standard deviation, and a calibration

curve was constructed.

2.5.7.2 Precision of HPLC method

The precision of the assay method was evaluated by performing six independent assays (intra-
day) of meropenem at two concentration levels using the validated chromatographic
conditions as mentioned in section 2.5.6. The intermediate precision of the method was
checked by performing the same procedure on three consecutive days (inter-day). Two
concentrations of meropenem solution in water, 4 ug/ml and 20 ug/ml were used for

intermediate precision.
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2.5.7.3 Accuracy of HPLC method

The accuracy was evaluated in terms of repeatability. At each concentration level
(4,8,16ug/ml), analysis was carried out in triplicate and calculated by percentage accuracy
compared to the target concentration using the same chromatographic conditions as were

used for validation studies.

2.5.8. Preparation of sample solution for analysis of drug loading

The entrapment efficiency (EE) of the ME-NLCs was determined by quantifying free drug in
the supernatant fluid (FD), which was separated by filtering NLCs (0.5 ml) using Amicon™
30 kDa molecular centrifuge filters purchased from Merck Millipore (UK) centrifuged at 2500
x g for 15 minutes. The supernatant was then removed using a pipette, diluted 1:100 and
analysed immediately. The linearity curve was used to calculate the concentration of free

drug. Equation 1 was then used to determine the %EE.

Free Drug

%EE = { }x100

Total amount of meropenem added

Equation 1. Percentage Encapsulation efficiency

2.6. In vitro drug release study of ME-NLCs

Dissolution study of ME-NLCs was conducted in triplicate at 37 °C, over a 24-hour period.

Spectra/Pora3, 3.5kD dialysis membranes (Thermofisher, Altrincham, UK) were soaked for 24
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hours prior to use. A sample of 2ml ME-NLCs was added to the dialysis membranes tube which
was secured at both ends. The dialysis tube containing the sample was placed in the
dissolution vessels containing 400ml of pH 6.8 orthophosphate buffer as the release medium.
A sample (1 ml) of dissolution medium was withdrawn every hour until hour eight and then
samples were taken at the 24™ hour. After withdrawal of every sample the dissolution
medium was replaced by a fresh 1ml of the orthophosphate buffer (Nagaich and Gulati, 2016)
to maintain the same conditions throughout. Samples were analysed using a HPLC and
chromatographic conditions validated as described in chapter 2.5.7. The concentration of

meropenem in each sample was calculated by the use of a spreadsheet produced by K. Singh.

2.7. Bacterial investigations of P. aeruginosa

2.7.1 Bacterial growth on solid media and overnight cultures

Colonies of Pseudomonas aeruginosa ATCC 27853 were grown in 90 mm diameter Petri-
dishes containing approximately 20 mL of either Nutrient agar or Mueller Hinton agar
purchased from Oxoid (Thermo-scientific, Altrincham UK) or CLED agar (Neogen, Bury UK)
and incubated aerobically at 37 °C overnight. CLED agar was used to restrict colony sizes to
allow for accurate counting. Stock cultures were prepared in 20% glycerol and Brain Heart
Infusion broth (BHI) purchased from Oxoid (Thermo-scientific, Altrincham UK) and were
frozen at -80 °C in 2ml plastic vials. Alternatively stock cultures were also prepared on
Nutrient agar slopes in 30ml glass universal tubes and kept sealed and refrigerated at 2-8 °C
for up to four weeks. When culturing cells from frozen stocks, cells were defrosted at ambient
temperature. A sterile inoculation loop was used to spread the cells across the agar using the

streaking method to produce single colonies.
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Overnight cultures were produced by taking a single bacterial colony and inoculating a 9 mL
Nutrient or Mueller Hinton broth in 30mL glass universal tube. The culture was grown at 37°C

for approximately 18 hours.

2.7.2 Antibiotic preparation for bacterial susceptibility testing

Meropenem solution was prepared in accordance with section 2.5.3. The stock was diluted

with sterile Milli Q water to prepare the working stock.

2.7.3. Characterisation of Pseudomonas aeruginosa

Characterisation of six reference strains of Pseudomonas aeruginosa were determined by
morphological and biochemical tests. Bacterial cell morphology testing was confirmed by
Gram stain. The strain exhibited two distinct colony morphologies, and these were checked
for purity using Gram stain (Public Health England, 2019). In addition to this the biochemical
testing: oxidase (Public Health England, 2019) and catalase (Public Health England, 2019) tests
were carried out. The pigment production of P. aeruginosa on CLED was observed. The ability

to grow aerobically and at 37 °C is also used to characterise P. aeruginosa.

Characterisation of all Pseudomonas aeruginosa strains was also determined by conducting

an antibiogram using the EUCAST disc susceptibility method (EUCAST, 2023) to determine

susceptibility to the following antibiotics: trimethoprim 5ug (W), ampicillin 10ug (AMP),
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ceftazidime 10ug (CAZ), tetracycline 30ug (TE), gentamicin 10ug (CN), ciprofloxacin 5ug (CIP),

vancomycin 30ug (VA) and meropenem 10ug (ME).

2.7.4. Growth curve of P. aeruginosa ATCC 27853

A growth curve of P. aeruginosa ATCC 27853 was determined by adding 5ml of a bacterial
overnight culture to a conical flask containing a 250ml of autoclaved Mueller Hinton broth
and incubated at 37 °C for 24 hours taking optical density readings every hour using a Jenway
7135 spectrophotometer at a wavelength of 600nm. In addition, bacterial counts were also
estimated by taking serial 10-fold dilutions with autoclaved Mueller Hinton broth and
pipetting 10ul of four dilutions (107 - 10! cfu/ml) onto a CLED agar plate using the Miles and
Misra method (Miles, et al., 1938). CLED agar was used to restrict the colony size for counting

as described above.

2.7.5. Minimal inhibitory concentration

Bacterial overnight cultures were suspended in a 9ml Mueller Hinton broth to a density
equivalent to a 0.5 MacFarland standard inoculum (A) using a Densilameter purchased from
ERBA Mannheim (Mannheim, Germany). From inoculum A, a bacterial suspension of
approximately 5 x10° cfu/ml was prepared (inoculum B). The inoculum B was then pipetted
in a quantity of 100pul into each well of a sterile 96 well flat-bottomed plate purchased from

Thermo-fisher (UK). Subsequently 100l of the highest concentration of antibiotic (64ug/ml)
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was added to the first well and serially diluted. Each well had a total of 100ul before
incubation. Minimal inhibitory concentrations (MIC) were performed in triplicate. A Positive
control was prepared by adding 100pl of inoculum to an empty well within the 96-well plate.
A negative growth control was prepared by adding 100ul of sterile Mueller-Hinton broth to
an empty well within the 96-well plate. The 96 well plate was then incubated at 37 °C for 24

hours before readings were taken.

2.7.6. Minimum bactericidal concentration

Once the MIC had been determined by examining each well for turbidity, 10ul from each well
without turbidity was pipetted onto a CLED agar and incubated for 24 hours at 37 °C. The MBC
was determined by the lowest concentration of antibiotic with no viable colonies on CLED

agar after incubation.

2.7.7. Kill time assay

A kill time curve of P. aeruginosa ATCC 27853 was determined by adding 2ml of a bacterial
overnight culture and 2ml of ME-NLCs at either a concentration of 2pug/ml or 32ug/ml.
Broths were incubated at 37 °C for 24 hours and sampled every hour for seven hours and
again at twenty-four hours. Bacterial counts were made by taking serial 10 fold dilutions in
Mueller Hinton broth and pipetting 10ul of each dilution (107 - 10! cfu/ml) onto a CLED agar
plate. A growth control without ME-NLCs was included. All samples were performed in

triplicate.
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2.8. Visualisation of P. aeruginosa after treatment of ME-NLCs using

fluorescent microscopy

The internalisation of fluorescently labelled NLCs was studied in planktonic culture
suspensions under glass coverslips. For in suspension studies, the inoculum prepared
consisted of 2ml of Pseudomonas aeruginosa ATCC 27853 suspended in Mueller Hinton broth
and adjusted to a density equivalent to 0.5 MacFarland standard and with 2ml of ME-NLCs
suspension. The ME-NLCs were labelled with rhodamine 123 (ThermoFisher, Altrincham, UK)
The mixture was incubated for 24 hours at 37 °C. Samples of 0.5ml were taken and
centrifuged for one minute at 13,000rpm, the supernatant was removed, and the pellet was
washed with 0.5ml of PBS. Sample was resuspended and centrifuged again, and PBS
decanted, and the pellet was then stained using BacLight Kit L7007 (Thermofisher, UK) for 15
minutes in the dark. The sample was washed twice with PBS using the method described
above.

Samples were then fixed using 10% formalin solution and incubated in the dark for 15
minutes. Once incubated the samples were washed with PBS twice and then resuspended for

visualisation using Zeiss cell observer™ (Jena, Germany).

2.9. Statistical Analysis

The statistical analysis was conducted using Microsoft excel to determine the mean, standard
deviation, relative standard deviation for HPLC analysis, particle size, PDI, Zeta potential,
bacterial counts, MIC, MBC. SPSS version 27 was used to conduct T-Tests with a P value of

0.05 to determine the significance of the results regarding particle size, PDI, Zeta potential.
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Chapter 3: Results

65



3.1 Solubility studies of crystalline meropenem in lipids

A preliminary investigation into the solubility of meropenem in different liquid lipids to be
incorporated into the NLCs was conducted to select the appropriate liquid lipid to enhance
drug loading capability of NLCs. The study found that meropenem was more soluble in Capryol
90 and insoluble in Transcutol (Table 3.1). Therefore, Transcutol was considered not suitable
for preparing meropenem loaded NLCs because of its limited solubility for meropenem, and
Caproyl 90 was selected as the liquid lipid for formulation of NLCs. Furthermore, the solubility
of meropenem was found to be high in Kolliphor HS 15 which was used as the solubiliser in
the NLC formulations. Kolliphor HS 15 is known for its solubilising properties and also acts as
surfactant to stabilise the NLCs (Zwain, Alder et al., 2021). The liquid lipid oleic acid was added
after the optimisation of the blank formulation to increase drug encapsulation and solubility
was not tested as research conducted by Rajpoot et al., (2022) showed that oleic acid does

solubilize meropenem.

Table 3. 1. Solubility of meropenem in lipids.

Lipid Solubility of meropenem per ml of liquid lipid and solubiliser
Capryol 90 1.6 mg/ml

Transcutol 0 mg/ml (insoluble)

Kolliphor HS 15 2.3 mg/ml

3.2.1 Optimisation of Blank NLC formulation.

Initial investigations were carried out with non-drug loaded NLCs to optimize the process and

product parameters. In order to produce NLCs with desired particle size <200nm and PDI <0.3.
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The product parameters optimised were surfactant and solubiliser concentration and the
process.

The sodium cholate concentration was varied at four levels (100mg, 150mg, 200mg and
250mg), and it was observed that though 100mg of sodium cholate resulted in the lowest
particle size (nm), the PDI was highest (0.28) at this concentration. A sodium cholate
concentration of 150 mg resulted in the lowest particle size of 138.9 nm and a PDI of 0.139
providing the best values (Figure 3.1). The size difference between 100mg and 150mg is
significant as the p-value is less than 0.05. However, the difference in DI results of 100mg and
150mg is not significant as the p-value is greater than 0.05. Sodium cholate at concentrations
above 150mg led to an increase in particle size as well as resulting in high PDI values. Excessive
surfactant concentration can lead to micelle formation leading to polydispersed sample and
thus resulting in a PDI value higher than desired for the NLCs (Pezeshki et al. 2014).

It was shown that 5 minutes of sonication time was sufficient to obtain a particle size less
than 200nm and PDI less than 0.3 in formulation ‘Blank 6’ (Table 2.1). Particle size distribution
profile showed a narrow single peak with uniform distribution (Figure 3.2). Particle size and
PDI of NLCs was found to increase beyond 5 minutes of sonication time with particle
distribution profiles showing two peaks demonstrating polydispersion and a wide distribution
as can be seen in figure 3.2. Particle size increased beyond 5 minutes of sonication due to
excess energy provided by ultrasound waves leading to the aggregation of particles (Ali et al.
2014). Sonication for 10 minutes also led to an increase in particle size. Sodium cholate, the

hydrophilic surfactant, had a critical impact on the particle size and PDI of the NLCs.

Kolliphor HS. 15 was used as solubilising agent and its effect on particle size and PDI was

investigated at two concentrations, 200mg and 300mg. Though the higher concentration of
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Kolliphor HS 15 led to lower the particle size initially, on 5 minutes ultra-sonication the
200mg concentration resulted in the lower particle size of 139.5nm, and a PDI of 0.256
providing the best values. The size difference between 200mg and 300mg is significant as the
p-value is less than 0.05. The difference in PDI results of 200mg and 300mg is significant as
the p-value is less than 0.05. At both the concentration levels, 5 minutes of sonication time
was sufficient to obtain particle size <200nm and PDI <0.3 at all concentrations of hydrophilic

surfactant (Figure 3.3).

The optimised non-drug loaded NLCs, formulation Blank 12 (Table 2.2) were taken for loading

with meropenem.

3.2.2 Optimisation of meropenem loaded NLC formulation.

Investigations were carried out to determine the optimum drug concentrations that can be
loaded in the NLCs before saturation concentration is achieved with have negative impact on
particle size or PDI. Meropenem concentrations 0.5mg/ml and 0.75mg/ml produce desired
particle size <200nm and PDI <0.3 after three minutes of sonication. (Figure 3.4). Increasing
meropenem concentration to 1mg/ml and 1.5mg/ml resulted in a PDI of >0.3 although the
particles size was <200nm (Figure 3.4). The concentration of the drug selected for further
testing in the NLCs was 0.5mg/ml which resulted in the lowest particle size of 152.7nm and a
PDI of 0.297 providing best values. Additionally, the zeta potential of NLCs for each
concentration was investigated and showed that all concentrations show a negative charge,

with the 0.5mg/ml ME-NLCs producing a zeta potential of -22.7mV (Figure 3.4).
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Also, it was observed that on drug loading three minutes of sonication time was sufficient to
obtain particle size <200nm and PDI <0.3 as compared to five minutes which was required
for non-drug loaded NLCs (Figure 3.5). The size difference between 3 minutes sonication
and 4 minutes is significant as the p-value is less than 0.05. The difference in PDI results of 3

minutes and 4 minutes is also significant as the p-value is greater than 0.05.

Capryol 90 was used as liquid lipid in the NLCs as it had good solubility for meropenem.
Effect of Capryol 90 was investigated and it was revealed that increasing the Capryol 90
concentration from 120mg to 200mg decrease the particle size, but the PDI value increase
beyond 0.3 to 0.308, which is not desirable (because it indicates a polydispersed sample
with wide variation in particle size of the NLCs). The zeta potential was also more favourable
in the formulation containing 200mg of Capryol 90 (-32.2mV). The size difference between
120mg and 200mg of Capryol 90 is significant as the p-value is less than 0.05. Similarly, the
difference in PDI between 120mg and 200mg of Capryol 90 is significant as the p-value is
less than 0.05. Also, the difference in the zeta potential between 120mg and 200mg of
Capryol 90 is significant as the p-value is less than 0.05. The concentration selected was
120mg of Capryol 90 due to providing the overall best values (particle size of 169.7nm and

0.29 PDI) (Fig 3.6).
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Figure 3. 1. Compositions of Blank NLCs formulated using four different concentrations of hydrophilic surfactant
(Sodium Cholate) to study the effect of sonication on particle size (A) and polydispersity index (B) Data is presented

as mean = SD, n = 3. (A) *** p < 0.05, refers to a significant difference when formulations 100mg and 150 mg were

compared.
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71



500
450
400
350
300
250
200
150
100

Average particle size (nm)

50

15

0.5

AVerage PDI

-0.5

Figure 3. 3. Compositions of Blank NLCs (Formulations Blank 7 and Blank 8) formulated using two different

293.1

0 mins

0.732

ins

5 mins

139.5
043

Sonication time (min)

0.256

Sonication Time (min)

66.42

10mins

: + 0,535
—0-17/ 0.311

5 nlins 10mins

200mg

= 300mg

200mg

e— 300mg

concentrations of Kolliphor HS 15 to study the effect of sonication on particle size (A) and polydispersity index (B)

Data is presented as mean + SD, n = 3. (A) *** p < 0.05, refers to a significant difference when formulations 200mg

and 300mg were compared. (B) *** p < 0.05, refers to a significant difference when formulations 200mg and 300 mg

were compared.

72



102.6

Average particle size

Omg/ml 0.5mg/ml 0.75mg/ml 1mg/ml 1.5mg/ml
Concentration of Meropenem NLC

0.5
0.474
0.45

0.4

0.35

PDI
o
w

)
0.25

Averag
o
N

0.15
0.1
0.05

Omg/ml 0.5mg/ml 0.75mg/ml 1mg/ml 1.5mg/ml
Concentration of Meropenem NLC

Omg/ml 0!5mg/ml 0¥75mg/ml 1mg/ml 15mg/ml

N :
o (6]

'
=
(€]

N}
G
!
N
9

Average Zeta potential (mV)
W )
o o

W
&

-37.8
Concentration of meropenem NLC

A
[S)

Figure 3. 4.Compositions of ME-NLCs formulated using four different concentrations of meropenem to study the
effect of drug concentration on particle size (A) and polydispersity index (B) zeta potential (C). Data is presented as
mean = SD, n = 3. (A) **** p < 0.05, refers to a significant difference when formulations 0.5mg/ml and 0.75mg/ml

73



were compared. (B) ** p < 0.05, refers to a significant difference when formulations 0.5mg/ml and 0.75mg/ml were
compared. (C) **** p < 0.05, refers to a significant difference when formulations 0.5mg/ml and 0.75mg/ml were
compared.
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3.2.3 Short term stability studies of blank and meropenem loaded NLCs.

The effect of storage time and temperature on the stability of blank and ME-NLCs
(formulation ME 7, Table 2.2) was assessed by the change in particle size, PDI, and zeta
potential over the period of forty eight hours (Figure 3.7).

The blank NLCs, showed in an increase of particle size from 165.9nm on the day of preparation
to 182.4nm after 24 hours of storage at 20° C and then increased to 182.9nm after forty-eight
hours. However, the PDI of the blank NLCs decreased over the investigated time point from
0.281 on the day of preparation to 0.263 after 48 hours. The change in zeta potential started
at -36.7mV and then decreased to -27.6 after twenty-four hours, but then further increased
to-53.6mV after forty-eight hours. The change in particle size and PDI during the investigated
remained within the optimal ranges of (particle size <200nm and PDI <0.3) indicating that

the NLCs were stable over the period of 48 hours.

The effect of time on the ME-NLCs stored at 20 °C, resulted in an increase of average particle
size from 178.8 nm on the day of preparation to 185.4nm after 24 hours of storage. The
particle size from twenty-four hours to forty-eight then decreased to 179.3nm. The PDI of the
ME-NLCs stored at 20 °C decreased over the first twenty-four hours by 2% (0.283 on the day
of preparation to 0.276). The PDI then increased by 27.5% from 0.276 to 0.352 after forty-
eight hours with the PDI increasing over the optimal value (<0.3).

Furthermore, the effect of time on the ME-NLCs zeta potential stored at 20 °C, resulted in an
increase from the time of preparation from -31mV to -39.9mV. The zeta potential then

decreased to -30.3mV after forty-eight hours. The difference in size from the day of
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preparation and 24 hours storage is not significant as the p-value is greater than 0.05. The
difference in PDI from the day of preparation and 24 hours storage is not significant as the p-
value is greater than 0.05. The difference in zeta potential from the day of preparation and

24 hours storage is significant as the p-value is less than 0.05.

The ME-NLCs stored at 37 °C, resulted in an increase of average particle size from 178.8nm
on the day of preparation to 187nm after 24 hours and increased again by 2.6nm (189.6nm)
after forty-eight hours.

In addition, the PDI of the ME-NLCs stored at 37 °C decreased over the first twenty-four hours
from 0.283 on the day of preparation to 0.273. The PDI then increased from 0.276 to 0.29
after forty-eight hours.

The effect of time on the ME-NLCs zeta potential stored at 37 °C, also followed the same trend
as that of the ME-NLCSS stored at 20 °C with the zeta potential increasing from -31mV to -
41mV and then decreased again to -36.3mV at forty-eight hours. The difference in size from
the day of preparation and 24 hours storage is significant as the p-value is less than 0.05. The
difference in PDI from the day of preparation and 24 hours storage is significant as the p-value
is less than 0.05. The difference in zeta potential from the day of preparation and 24 hours

storage is not significant as the p-value is greater than 0.05.
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Figure 3. 7. Compositions of ME-NLCs formulated were stored at two different temperatures to study the effect of
time and storage temperature on particle size (A) and polydispersity index (B) zeta potential (C). Data is presented as
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3.2.4. Lyophilisation of meropenem loaded NLCs.

As meropenem degrades in aqueous solutions an attempt was made to lyophilise ME-NLCs.
Sucrose which is a widely accepted cryoprotectant and was used during the lyophilisation
process and it was investigated at three different concentrations. The effect of
cryoprotectant concentration was evaluated on particle size, PDI, and zeta potential of ME-
NLCs (Figure 3.8). The particle size of the ME-NLCs aqueous dispersions was 178.8nm, PDI of
0.283 and a zeta potential of -31mV. The lyophilized ME-NLCs with 5% sucrose resulted in an
increase of particle size from the 178.8nm to 262.1nm. The PDI of the lyophilized ME-NLCs
with 5% sucrose increased from 0.283 to 0.49, the zeta potential of lyophilised ME-NLCs
decreased to -20.6mV as compared to at -31mV of the aqueous dispersion. The difference in
size from the day of preparation and lyophilised ME-NLCs after five weeks storage is
significant as the p-value is less than 0.05. The difference in PDI from the day of preparation
and lyophilised ME-NLCs after five weeks storage is significant as the p-value is less than 0.05.
The difference in zeta potential from the day of preparation and lyophilised ME-NLCs after

five weeks storage is significant as the p-value is less than 0.05.

The lyophilized ME-NLCs with 7% sucrose resulted in an increase of particle size from 178.8nm
to 299.5nm. The PDI of the lyophilized ME-NLCs with 7% sucrose also increased from 0.283
to 0.647 indicating that the formulation was polydispersed. A change in zeta potential was
observed, being decreased to -21.6mV after lyophilisation. The difference in size from the day
of preparation and lyophilised ME-NLCs after five weeks storage is significant as the p-value

is less than 0.05. The difference in PDI from the day of preparation and lyophilised ME-NLCs
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after five weeks storage is significant as the p-value is less than 0.05. The difference in zeta
potential from the day of preparation and lyophilised ME-NLCs after five weeks storage is

significant as the p-value is less than 0.05.

The lyophilized ME-NLCs with 10% sucrose resulted in an increase of particle size from
178.8nm to 319.1nm after two months of storage. However, the PDI of the lyophilized ME-
NLCs with 10% sucrose also increased from 0.283 to 0.456 indicating the lyophilised
formulation was polydisperse. The zeta potential started at -31mV on the day of preparation
and then decreased to -21.9mV. The difference in size from the day of preparation and
lyophilised ME-NLCs after five weeks storage is significant as the p-value is less than 0.05.
The difference in PDI from the day of preparation and lyophilised ME-NLCs after five weeks
storage is significant as the p-value is less than 0.05. The difference in zeta potential from the
day of preparation and lyophilised ME-NLCs after five weeks storage is significant as the p-

value is less than 0.05.

Therefore, showing that the lyophilization of ME-NLCs with varying concentrations of sucrose
as a cryoprotectant did not enhance the stability of the NLCs as the size, PDl and zeta potential
did not remain within the optimal ranges of particle size being <200nm and PDI being to <0.3,
indicating that the NLCs was not stable over the period and further investigations with

different cryoprotectants are required for lyophilisation.
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potential (C). Data is presented as mean + SD, n = 3.(A) ****p < 0.05, refers to a significant difference when
formulations with 0% and 5% of cyroprotectant storage were compared. ****p < 0.05, refers to a
significant difference when formulations with 0% and 7% of cyroprotectant storage were compared.
****p < 0.05, refers to a significant difference when formulations with 0% and 10% of cyroprotectant
storage were compared.(B) ****p < 0.05, refers to a significant difference when formulations with 0%
and 5% of cyroprotectant storage were compared. ***p < 0.05, refers to a significant difference when
formulations with 0% and 7% of cyroprotectant storage were compared. **p < 0.05, refers to a
significant difference when formulations with 0% and 10% of cyroprotectant storage were compared.(C)
(B) ****p < 0.05, refers to a significant difference when formulations with 0% and 5% of cyroprotectant
storage were compared. ****p < 0.05, refers to a significant difference when formulations with 0% and
7% of cyroprotectant storage were compared. ****p < 0.05, refers to a significant difference when
formulations with 0% and 10% of cyroprotectant storage were compared.
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3.3. Fourier transform infrared spectroscopy (FTIR) of meropenem, blank NLC

and ME-NLC

The FTIR absorbance spectra of meropenem (Figure 3.9A) shows the absorbance peaks for
the functional groups. The broad peak at around 3323.4 cm-1 suggests the stretching of the
oxygen-hydrogen bonds within the water molecules as all the samples were in aqueous
solution, whereas the second and third peaks at 2168.13cm-1 indicates stretching of N=N=N
bonds and 2114.21 and indicates weak stretching of alkyne groups. The final peak at
1635.45cm-1 correlates with the stretching of alkene groups within the molecule. These
correspond to the FTIR fingerprint of meropenem (Muneer, Wang et al., 2020).

Once the meropenem has been encapsulated into the NLCs (Figure 3.9B) the absorbance
fingerprint changes exhibiting the same peaks as meropenem and ME-NLCs spectra show
additional peaks corresponding to meropenem (figure 3.9B). These additional peaks are at
2925.19, 2114.62 and 1376.66cm-1. The increased number of peaks due to presence of lipids
present in the NLCs. However, the peaks from figure A; 2168.13cm-1 shifted to 2182.67 and
2114.21 to 2151.63cm-1 and have shifted to the right. Additional four peaks can be seen in
the absorbance spectra in figure 3.9B compared to 3.9A. The peak at 2835.14 indicates the
stretching in C-H bonds within aldehyde groups. The small peak at 1462.39 suggests the
bending of the bonds between saturated alkane molecules. Similarly, the two peaks at
1178.38 and 1081.67 both suggest the stretching of carbon and oxygen bonds in alcohol
groups which can be explained due to the excipients of the NLCs, suggesting the

encapsulation of meropenem in the NLCs.
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Further, the FTIR spectra of blank NLCs (figure 3.9C) shows the peaks due to lipid excipients

in the NLCs. ME-NLCs spectra show additional peaks corresponding to meropenem (figure

3.9B). These additional peaks are at 2925.19, 2114.62 and 1376.66cm-1.
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Figure 3. 9. FTIR spectra for meropenem (A), ME-NLCs (B) and blank NLCs (C)
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3.4. Differential Scanning Calorimetry of meropenem, blank NLC and ME-NLC

Differential scanning calorimetry analysis was performed to study the effect of the
incorporation of meropenem on the crystallinity of the NLCs and its melting behaviour (Figure
3.10 A-E). The DSC thermogram for meropenem shows a broad endothermic peak at
approximately 137.5 °C. Once incorporated into the physical mixture of the lipids of the NLCs
the endothermic peak becomes sharper, and shifts left to a decreased temperature of
approximately 60 °C. However, there is also a sharp exothermic peak before this at 50 °C. The
thermogram for Dynasan 114, which is the solid lipid in the NLCs also shows a sharp
endothermic peak at approximately 50 °C. The blank NLCs thermogram has a broad
endothermic peak at approximately 100 °C . The thermogram for ME-NLCs (D) shows an
endothermic peak around 118 °C, due to the absence of the meropenem peak due to
encapsulation and the increase in melting temperature compared to the blank NLCs suggests

the incorporation of the meropenem into the NLCs.
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Figure 3. 10. Differential scanning calorimetry (DSC) thermograms for meropenem (A), Dynasan 114 (B), physical
mixture (C), ME-NLCs (D)and blank NLCs (E).
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3.5.1. Development and optimisation of HPLC method for analysis of

meropenem

Various chromatographic conditions for HPLC analysis of meropenem were optimised.
3.5.1.1 Optimisation of detection wavelength

Effect of detection wavelength was observed on the peak area of meropenem. The trend
observed was that as the wavelength increased the peak area increased. However, a
wavelength of 260nm or less produced a negative peak (Table 3.2). The wavelength selected
was 308nm as it gave the largest peak area of 186.6, whereas the wavelengths such as 270nm

resulted in a much smaller peak area of 31.1 (Table 3.2).

3.5.1.2 Optimisation of mobile phase ratio

Orthophosphate buffer: methanol was used as mobile phase for HPLC quantification of
meropenem as per the previous report by (Milla, Ferrari et al., 2020). Ratio of the two
components of the mobile phase was optimised by evaluating the retention time (RT), peak
area and peak symmetry (Table 3.3). Mobile phase composition of 70% Orthophosphate
buffer: 30% methanol resulted in meropenem eluting at RT of 2.21 minutes with an
acceptable peak area (270.3) and symmetry (0.723) while the solvent peak was shown at 2
minutes . As the RT of the peak was close to the solvent peak and therefore would be difficult
to distinguish when testing low concentrations of meropenem (Table 3.3) decreasing the
methanol concentration with a mobile phase ratio of 84% orthophosphate buffer: 16%
methanol provided the analysis of meropenem with a sharp well separated peak eluting at RT
of 8. 031 minutes, with acceptable peak area (194.65) and good symmetry (0.788) along with

no peak interference with the solvent peak. Hence this mobile ratio was selected for
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chromatographic analysis (Table 3.3). The chromatogram of meropenem (10ug/ml) is shown
in figure 3.11. A further two meropenem concentrations were injected at 4 pg/ml and 20

ug/ml (Figure 3.11).

During the HPLC analysis of meropenem it was observed that the RT varied in the range of 8-
9 minutes. This could be due to the use of orthophosphate buffer in the mobile phase which
was prepared fresh on each day on the on the day of analysis. Minor variations in the pH of
the orthophosphate could have resulted in the day to day variation of the RT. However, it
must be highlighted that there was no change in the RT between the chromatographic runs

on a given day of analysis.

3.5.2. Calibration Curve of meropenem in aqueous solution

Linearity of the HPLC method was determined by the use of six concentration points from O-
20ug/ml and repeated in triplicate. A representative of the calibration curve is depicted in
Figure 3.12. The representative linear equation was y = 16.01x + 30.444 with R? = 0.994 (Figure
3.12). The repeatability studies were carried out by repeating seven injections of 4ug/ml. The
results showed a percentage relative standard deviation (%RSD) of 3.97 between the
injections (Table 3.4).

Precision studies showed that there was decrease in the peak area of meropenem of the
samples injected in the afternoon compared to freshly prepared meropenem solution in the
morning (Table 3.5). This could be due to the degradation of meropenem in the methanol
phosphate buffer mixture. Meropenem is well known to degrade in aqueous buffers

(Jamieson, Allwood et al., 2020). In view of these results meropenem standard solutions were
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prepared fresh daily in the morning and afternoon and a standard solution was injected for

every HPLC analysis. The accuracy studies at carried out three concentration (4, 8, 16 pug/ml)

showed good recovery with %RSD in the range of 1.48-6.23 (Table 3.6).

Table 3. 2. The effect of wavelength on the peak area of a standard sample of 10png/ml of meropenem. Data is

presented as mean + SD, n = 3. * is the wavelength selected.

Wavelength

(nm) Peak Area
240 Negative peak
250 Negative peak
260 Negative peak
270 31.1

280 72.6

285 107.9

290 143.2

295 159.5

298 160.3

300 168.5

302 175.4

304 180.7

306 184.2

308** 186.6

Table 3. 3. The effect of mobile phase ratio on the peak area, retention time and peak symmetry of a standard drug
solution of 10pug/ml of meropenem. Data is presented as mean + SD, n = 3. * is the mobile phase ratio selected.

Retention time

Mobile Phase ratio (min) Peak Area | Symmetry
70% Orthophosphate buffer: 30% methanol 2.21 270.3 0.723
83% Orthophosphate buffer: 17% methanol 5.32 288.8 0.536
84% Orthophosphate buffer: 16% methanol

* 8.068 265.9 0.773
85% Orthophosphate buffer: 15% methanol 9 258.6 0.769
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Figure 3. 11. HPLC chromatograms of meropenem reference standards 10 pg/ml (A), 4 pg/ml (B) and 20 pg/ml (C).
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Figure 3. 12. Calibration curve of meropenem concentrations (2-20 pg/ml) Data is presented as mean, n = 3.
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Table 3. 4. . Results for repeatability assay, of 10 injections of one concentration. N= 10.

Meropenem labelled concentration (ug/ml)

Calculated concentration of Meropenem (ug/ml)

4.28

4.20

4.06

4.11

4.00

3.98

4.14

3.74

Average

4.06

SD

0.16

RSD %

3.97

Table 3. 5. Results of Intra and inter day assay for validation. Data is presented as mean + SD, n = 3.

Concentration | Average Calculated Standard
Day | Time | (ug/ml) Peak Area Concentration (ug/ml) deviation %RSD
4 90.60 3.76 0.19 5.16
AM | 20 412.37 23.86 0.84 3.54
Day 4 71.83 2.59 0.17 6.64
1 PM 20 317.37 17.92 0.77 4.29
4 97.73 4.20 0.19 4.53
AM 20 384.5 22.12 0.73 3.31
Day 4 77.87 2.96 0.18 5.91
2 PM 20 302.33 16.98 0.68 3.98
4 95.73 4.08 0.19 4.68
AM 20 384.9 22.14 0.81 3.66
Day 4 117 5.41 0.19 3.64
3 PM 20 479.37 28.04 0.86 3.06
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Table 3. 6. Results of accuracy assay of three concentrations. Data is presented as mean + SD, n = 3.

Meropenem Recovered % Recovery % RSD
concentration meropenem
(ng/ml) concentration (m

ug/ml)
4 4.18 104.50 4.53
8 8.35 104.40 1.48
16 16.16 101 6.23
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3.5.3. Entrapment efficiency of ME-NLCs
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Figure 3. 13. HPLC chromatograms of meropenem reference standard 10 pg/ml (A) and free drug from ME-NLCs

(B).
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Table 3. 7. Calculated encapsulation efficiency for ME-NLCs formulations.

Calculated encapsulation
Concentration of free drug mg/ml | efficiency (%)

Formulation ME 2 0.600 40.00

Formulation ME 7 0.071 85.72

The free drug concentration was calculated by comparing the peak area of a standard solution
to the sample injected, in which resulted in 0.6mg/ml free drug in ME-NLCs therefore using
the equation 1 in chapter 2.6.8, the calculated encapsulation efficiency indicated a 40%

encapsulation.

In attempt to increase the encapsulation efficiency oleic acid was added to the ME-NLCs
formulation ME 7 (Table 2.2) The effect of the oleic acid was investigated on particle size, PDI
at three concentration levels.

Increasing the concentration of oleic acid resulted in an increase in particle size, the results
between 100mg and 150mg are statistically significant as the p value is less than 0.05.
However, the results between 150mg and 200mg is not statistically significant as the p value
is greater than 0.05. 100mg of oleic acid concentration was selected as it resulted in the
lowest particle size of 170.7nm and a PDI of 0.245 providing best values. Interestingly PDI was
found be quite stable over the range of various oleic acid concentrations studied (Figure 3.14)
and the results between 100mg and 150mg are statistically significant as the p value is less
than 0.05. However, the results between 150mg and 200mg is not statistically significant as
the p value is greater than 0.05.

Entrapment efficiency was found to significantly increase to 85.72% on addition of oleic acid

(Table 3.7).
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3.6. Calibration curve of Meropenem in pH 6.8 orthophosphate buffer using

HPLC

The in vitro drug release studies of meropenem from ME-NLCs was conducted in phosphate
buffer pH 6.8. To quantify the drug in the release medium the, HPLC method of meropenem
detection in phosphate pH6.8 was validated. The meropenem peak produced by the validated
method (Figure 3.15) showed a narrow tall peak with limited peak tailing and fronting, with
peak symmetry within the range of 0.7-0.85 and RT of 4.09 minutes. The chromatogram
showed a solvent peak at 1.6 minutes which was well separated from the meropenem peak
and there was no interference. The chromatograms of meropenem reference standard of
8ug/ml and 16ug/ml are shown in figure 3.15.

It was observed that meropenem eluted much earlier at 4.09 minutes in pH 6.8
orthophosphate buffer as compared to meropenem being dissolved in the mobile phase
(methanol and orthophosphate buffer pH 2.7), with a RT of 8 minutes (Figure 3.11). This could
be due to the increase of pH (Studzirska, Buszewski 2013). Linearity of the HPLC method was
determined by the use of six concentration points from 2 - 20ug/ml and repeated in triplicate.
A representative of the linearity can be seen in Figure 3.16 The representative linear equation
was y = 20.412x and R? = 0.9994. the calculated concentration as compared to the injected
concentrations are given in table 3.8. The repeatability studies were carried out by repeating
seven injections of 4ug/ml, the results showed a percentage relative standard deviation
(%RSD) of 5.84 between the injections (Table 3.9). The accuracy studies at carried out three
concentration (4, 8, 16 ug/ml ) showed good recovery with %RSD in the range of 0.31-2.33

(Table 3.10).
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Figure 3. 15. HPLC chromatograms of meropenem reference standard 8 pg/ml (A) and 16 pg/ml (B).
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Figure 3. 16. Graph to show the linearity of with concentrations 2-20ug/ml of meropenem.

Table 3. 8. Calculated concentrations of meropenem for standards used for linearity (2-20pg/ml). N=3.

Concentration (ug/ml) Average peak area Calculated Concentration (ug/ml)

0 0.000 0

2 49.73 2.44
4 92.87 4.55
8 164.03 8.04
10 204.03 9.99
16 327.43 16.04
20 404.20 19.80
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Table 3. 9. Results from repeatability assay of ten injections of one concentration of meropenem. N=10.

Meropenem labelled
concentration (ug/ml)

Calculated concentration of Meropenem (ug/ml)

4.00

3.99

4.57

4.55

4.56

4.55

4.20

4.18

4.18

4.01

Average

4.28

SD

0.25

RSD %

5.84

Table 3. 10. Results from accuracy assay of three concentrations of meropenem. Data are mean + SD, N=3.

Recovered
Meropenem meropenem
concentration P . % Recovery % RSD
(1g/ml) concentration
(ng/ml)
4 4.12 103.1 2.33
8 8.04 100.5 0.31
16 16.05 100.3 0.49
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3.7. In vitro drug release study of ME-NLCs

As can be observed from the drug release profile (figure 3.17.) the ME-NLCs when in a
controlled environment of 37 °C, 30% of the drug was released in the first thirty minutes
which could be due to the burst release from the meropenem present on the surface of NLCs.
This was followed by a sustained release with 70% of the drug being released at eight hours.
The sample withdrawn at twenty-four hours showed that only 30% of meropenem was
present. This could be due to the degradation of meropenem in the buffer at 37°C . To
understand the degradation profile of meropenem, degradation studies were carried out at
37 °C . It can be seen in figure 3.18 that meropenem degrades over the period of time in
aqueous environment. The results from on the day of preparation to twenty-four hours is
significant as the p-value is less than 0.05. Similarly, the results between twenty-four hours
to forty-eight hours and the results for forty-eight hours and seven days are also significant
as the p-value is less than 0.05. Furthermore, when comparing the results of the day of
preparation to seven days is also statistically significant as the p-value is less than 0.05.
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Figure 3. 17. In vitro drug release study ME-NLC vs. time, conducted at 37 °C in pH 6.8 dissolution media for 24
hours. N=3
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Figure 3. 18. Degradation of meropenem (5ug/ml) in aqueous solution at 37°C over seven days. N=3. ***** p < 0.05,
refers to a significant difference when the calculated concentration on the day of preparation and after seven days

were compared.
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3.8.1. Bacterial characterisation of Pseudomonas aeruginosa

The antibiogram analysis of six reference strains of P. aeruginosa showed that all test strains
were not susceptible to the antibiotics trimethoprim (5ug), ampicillin (10pg), and
vancomycin(30ug). All strains were susceptible to ceftazidime (10ug), tetracycline (30ug),
gentamicin (10ug), and meropenem (10ug)(Table 3.11). All strains of P. aeruginosa were
positive in the biochemical tests oxidase and catalase . The pigment production for all strains
of P. aeruginosa on CLED agar was blue/green indicating the presence of the pigment

pyocyanin. Additionally, none of the P. aeruginosa strains fermented lactose on CLED agar.

Screening of the reference strains resulted in the selection of the meropenem susceptible
strain, Pseudomonas aeruginosa ATCC 27853. Pseudomonas aeruginosa ATCC 27853 was
selected for testing with ME-NLC because it is the EUCAST quality control strain and could be
considered representative as it was shown to share many common characteristics with other

P. aeruginosa reference isolates (Figure 3.19).

The growth curve for ATCC 27853 over a 24-hour period showed a lag phase of approximately

5 hours after which the bacteria entered the log phase and remained in log phase for the rest

of the investigation (Figure 3.20).
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Table 3. 11. Table to show results of disc diffusion to antibiotic susceptibility testing of six strains of Pseudomonas
aeruginosa.

Zone of inhibition of individual strains (mm)
Antibiotic NCIMB **ATCC NCIMB NCIMB NCTC NCIMB
10848 27853 10548 8295 10662 11835
(W)5mg No Zone No Zone No Zone No Zone No Zone No Zone
Trimethoprim
(AMP)10mg No Zone No Zone No Zone No Zone No Zone No Zone
Ampicillin
(CAZ)10mg 25 25 26 25 27 25
Ceftazidime
(TE)30 pug 9 12.5 9 9 11 12
Tetracycline
(CN)10ug 21 19 19 18 17 19
Gentamicin
(CIP) 5ug 35 32 36 33 30 34
Ciprofloxacin
(VA) 30ug No Zone | NoZone | NoZone | NoZone |NoZone |NoZone
Vancomycin
(ME)10ug 40 36.5 37 34 25 33
Meropenem
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Figure . 19. Gram stai of P. ruginosa ATCC 27853
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Figure 3. 20. Growth curve for P. aeruginosa ATCC 27853 taken over 24 hours with 1 hour time intervals. N= 3.
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3.8.2. Minimum inhibitory concentration and Minimum bactericidal

concentration of Pseudomonas aeruginosa

There was no antimicrobial effect observed with blank NLCs on Pseudomonas aeruginosa
strain ATCC 27853.

The MIC value for P. aeruginosa ATCC 27853 with meropenem was 0.5 pug/ml and the MBC
value was 4ug/ml. However, when the meropenem was encapsulated into a NLCs the MIC

values were 2 ug/ml and MBC value of 8 ug/ml (Table 3.12).

3.8.3 Kill time assay

Kill time analysis showed that when a healthy culture of P. aeruginosa ATCC 27853 was
challenged with a concentration of meropenem that was sixteen times (32ug/ml) greater
than that of the MBC value, the time required for complete bactericidal effect was
approximately two hours. When challenged with a concentration between the MIC and MBC
of meropenem (1 ug/ml), growth was inhibited for two hours before the bacteria continued
to a level of growth equivalent to that of the growth control. After seven hours of treatment
with ME-NLCs below the MBC level (1 ug/ml) the organisms recovered , and the viable count

was equivalent to that of the growth control.(Figure 3.21).
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Table 3. 12. MIC and MBC values for P. aeruginosa ATCC 27853 when treated with meropenem, blank NLCs and

ME-NLCs. N=3.

Compound

MIC

value | MBC value
(ng/ml)

(pg /ml)

Meropenem

0.5

4

Blank NLC

Meropenem
ME-NLCs

loaded

2

8

1.00E+10

1.00E+09

1.00E+08

1.00E+07

1.00E+06

Cfu/ml

1.00E+05

1.00E+04

1.00E+03

1.00E+02

Figure 3. 21. . Kill time assay for P. aeruginosa ATCC27853 at two concentrations of meropenem. N=3.

1 microgram/ml

3 4
Time (hours)

32 microgram/ml

e () microgram/ml
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3.9. Fluorescence microscopy of Pseudomonas aeruginosa ATCC 27853 after

treatment with ME-NLCs

Figure 3. 22. P. aeruginosa after treatment of 1ug/ml ME-NLCs for 17 hours.
Rhodamine (A) Live (B) Dead (C)
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Figure 3. 23. P. aeruginosa after treatment of 1ug/ml ME-NLCs for 24 hours. Rhodamine (A) Live (B) Dead (C)
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Fluorescence microscopy of P. aeruginosa using the Baclight (Thermo-fisher Scientific,
Altrincham, UK) live/dead assay after treatment with ME-NLCs for 17 hours shows a change
in morphology from short individual rod-shaped bacteria to a mixed population including
elongated rod-shaped cells, with an estimated 1% being elongated (Figure 3.22 C). The sample
from twenty-four hours presented with an estimated 5-10% of cells being abnormal in
morphology (Figure 3.23 C)

Similarly, compared to the seventeen hours sample, the 24 hour sample shows an increase
in the visible intensity of the fluorescence from figure 3.22 compared to figure 3.23 suggesting

further loss of viability of the bacteria.
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3.10. Bacterial studies of the stability of ME-NLCs

Table 3. 13. MIC and MBC values for P. aeruginosa ATCC 27853 when treated with ME-NLCs that had been stored
at 20 °C (A), 37 °C (B)

Compounds kept at 20° C

Compounds Ohrs 24hrs 48hrs
MIC value | MBC Value | MIC value| MBC Value | MIC value| MBC Value
(ng/ml) | (pg/ml) | (ug/ml) | (ug/ml) | (ug/ml) | (ng/ml)
Meropenem 0.5 4 1 16 2 16
ME-NLCs 2 8 2 2 1 8
Compounds kept at 37° C
Compounds Ohrs 24hrs 48hrs
MIC MBC MIC MBC MIC MBC
value Value value Value value Value
(ug/ml) | (pg/ml) | (pug/ml) | (pg/ml) | (ug/ml) | (ug/ml)
Meropenem 0.5 4 1 4 2 4
ME-NLCs 2 8 2 8 2 4
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The stability of ME-NLCs and meropenem was also investigated by MIC and MBC (Table 3.13
A &B)

The MIC value for P. aeruginosa ATCC 27853 when treated with meropenem on the day of
preparation was 0.5ug /ml and the MBC value was 4ug /ml.

However, when the meropenem stored at 20 °C the MIC value increases after twenty-four
hours. After forty-eight hours the MIC value also increases. Similar to this the MBC value
increases after twenty-four hours but remains the same for forty-eight hours (Table 3.13 A).
The meropenem stored at 37 °C followed the same trend, with the MIC increasing after
twenty-four hours and again after forty-eight hours. But the MBC values however remained

the same over the investigation period (Table 3.13 B).

The MIC value for P. aeruginosa when treated with ME-NLCs (which were prepared on the
day of testing) was 2ug/ml and the MBC value was 8ug /ml. However, when the ME-NLCs
were stored at 20 °C the MIC value remained the same after twenty-four hours but decreased
lower than the MIC value after forty-eight hours. The MBC value also decreased after twenty-
four hours and then increased to the initial MBC after forty-eight hours, therefore suggesting
that the results from the ME-NLCs samples at twenty-four hours may be outliers (Table 3.13
A).

Additionally, the ME-NLCs stored at 37 °C did not follow the same trend for the as the ME-
NLCs stored at 20 °C. The MIC value remained the same for whole time period of the

investigation (Table 3.13 B).
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But the MBC values remained the same after twenty-four hours and then decreased lower

than the MBC value.

These results suggest that due to the result of the ME-NLCs at both temperatures remaining
the same as the MIC value and the MIC value increasing for meropenem the overall stability

of ME-NLCs is greater than that of meropenem.
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Chapter 4: Discussion
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4.1. NLC optimisation and characterisation

The increase in antibiotic resistance poses a significant challenge to the treatment of bacterial
infections. The increased use of antibiotics is selecting for antibiotic resistance in bacteria.
This is particularly important inimmunocompromised individuals, for example a P. aeruginosa
infection in an individual with cystic fibrosis, can result in an infection with antibiotic resistant
bacteria which could be life threatening. The present research aimed to develop and evaluate
meropenem-encapsulated nanostructured lipid carriers (ME-NLCs) as an alternative drug

delivery method for treatment of sensitive strains of P. aeruginosa.

The drug encapsulation capacity of the NLCs is directly impacted by the solubility of the drug
in the lipid matrix (Elkateb, Cauldbeck et al., 2023) , therefore liquid lipids with higher
solubility for meropenem were selected to achieve the maximum encapsulation. However,
the solubility of meropenem in liquid lipids has not previously been described . Solubility
studies of meropenem confirmed that the liquid lipids Capryol 90 and solubiliser Kolliphor
HS15 were appropriate for drug encapsulation, due to the non-ionic properties of the
solubiliser Kolliphor HS15, which allows for the formation of the micelles that provide
encapsulation for hydrophilic drugs including meropenem (Hou, Zhang et al., 2019).
Transcutol did not solubilise meropenem. A possible explanation for this might be because
the solubility of meropenem in ethanol is <1mg/ml and Transcutol (2-(2-Ethoxyethoxy)
ethanol) has properties similar to ethanol.

An ME-NLCs formulation was optimised by changing the product and process parameters

(surfactant, solubilizer concentration and sonication time) on the critical quality attributes, In
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order to produce NLCs with the desired particle size, poly dispersion index, zeta potential and
entrapment efficiency.

The ideal size for a nanostructured lipid carrier has a large range of 50-1000nm (Mukherjee,
Ray and Thakur, 2009). However, a smaller particle size is preferred as this increases the
surface area to volume ratio, resulting in a higher cellular uptake and interaction (Yagublu,
Karimova et al., 2022). The PDI is an indication of the distribution range of particle size of the
NLCs population in the formulation. Therefore, alower PDl is required as it indicates a uniform
distribution of the particles, this is also supported by research conducted by Danaei et al,,
(2018). In addition, the zeta potential is also a significant physical characterisation test as it
indicates the stability of the formulation in suspension. The parameters which indicate
stability is particles that are more positive than 30mV or more negative than -30mv (Malvern
Company, 2018). If the particles exhibit low zeta potential e.g., -2mV or 7mV it would suggest
low electrostatic repulsion leading to the aggregation of particles (Uskokovi¢, Castiglione et
al., 2010).

NLCs incorporate surfactants to maintain colloidal repulsion between other NLCs particles.
The ME-NLCs in this study incorporated sodium cholate as the aqueous surfactant. The self-
assembly properties of the cholate ions aid the stability of the aqueous dispersion (Liu
2007). Increasing sodium cholate concentration from 100-250mg was found to increase
particle size The trend has also been observed in a study by Talele, Sahu et al., (2018) on
the physicochemical characterization of solid lipid nanoparticles using sodium cholate.
Similarly, Lipoid S 75 has been suggested to decrease particle size when used as a lipid
surfactant (Upadhyay et al., 2012). Kolliphor HS 15 was selected as a solubiliser to aid the
generation of thermodynamically stable NLCs with enhanced bioavailability and increased

absorption abilities (Chaudhuri, Kumar et al., 2022). The liquid lipid Capryol 90 was selected
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due to the data showing an increase in thermodynamic stability (Ukai et al., 2020). In this
thesis the increase of Capryol 90 showed a desirable decrease in particle size and a decrease
in zeta potential, indicating increase in stability. This is due to the lipid’s miscibility with
solid lipids and the ability to increase the efficacy of encapsulated drug entrapment within
the NLCs (Ukai et al., 2020).

Dynasan 114 was selected as the solid lipid component as it allows for higher bioavailability
of the conjugated drug (Olbrich, Kayser and Miiller, 2002). Additionally, oleic acid was
added to the formulation to increase the drug loading of meropenem. The ME-NLCs
encapsulation increased from 40% without oleic acid to 85.72% after incorporation (Table
3.7). This trend was also observed by Patel (2012) where the drug encapsulation of

aceclofenac increased by 8.2% from 69.3% to 77.5%.

The encapsulation of meropenem in NLCs, increases both the particle size and PDI with the
blank NLC having an average size of 165.9nm and the ME-NLCs having an average size of
178.8nm. Similarly, the incorporation of meropenem also did not appear to increase poly
dispersion index because the blank NLCs had a PDI of 0.281 and ME-NLCs had a PDI of 0.283.
This minimal increase is likely due to more particles being present in the suspension,
disrupting uniform dispersion. These results reflect those of (Elkateb, Cauldbeck et al., 2023)
who also found that drug loading of HIV drugs darunavir and ritonavir increased particle size
and PDI in NLCs.

FTIR results for meropenem showed a spectrum with four peaks (Figure 3.9 A). The peaks
produced mirrored those published by Muneer, Wang et al., (2020). However, the spectra
produced by Muneer, Wang et al., 2020 also had more peaks. The differences could be as a

result of the physical state in which samples were tested. Muneer, Wang et al., (2020) tested
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meropenem in a powdered state compared to this investigation testing in aqueous
suspension.

FTIR showed that meropenem had been encapsulated due to the disappearance of the
meropenem fingerprint within the ME-NLCs absorbance spectra (Figure 3.9 B). This data has

not been previously described.

DSC data suggested that the meropenem had been encapsulated into the amorphous state
of the NLCs due to the absence of the broad endothermic peak at approximately 137.5 °C
(Figure 3.10 A). The DSC data for the meropenem peak was confirmed to be meropenem due
to the consistency of the result with that of the research conducted by Zhou, Du et al., 2017

who showed that meropenem trihydrate produces an endothermic peak at 130 °C.

4.2. Optimisation and validation of HPLC for detection of meropenem

An isocratic method was developed for this study, as the meropenem was solubilised in an
aqueous solution. Preliminary studies were carried out based on previous findings of suitable
chromatographic conditions for the quantification of meropenem. The quantification of
meropenem by HPLC is done using gradient methods. An explanation for this, is that
guantification of meropenem is typically conducted from serum or plasma samples, such as
the work conducted by Dincel, Sagirli et al., 2020. Previous investigations showed various
solvents and concentrations being used for the mobile phase, for example Mendez, Steppe
et al., (2003) investigated the use of monobasic phosphate buffer and acetonitrile (90:10;
v/v), adjusted to pH 3.0 with orthophosphoric acid, for the quantification of meropenem in a

pharmaceutical dosage form. However, in this study the mobile phase used was
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orthophosphate buffer and methanol (84; 16v/v), adjusted to pH 2.7 with orthophosphoric
acid due to the solubility of meropenem in potassium phosphate solution being 5%
(Kamalinder Singh, personal communication, 2023).

Investigations into appropriate wavelength for peak area of meropenem detection found that
308nm gave the best detection, although previously described results (Milla, Ferrari et al.,
2020) suggest that 298nm was the optimum wavelength. Investigations showed that there

was an increase of 16.4% in detection when using 308nm compared to 298nm.

The method was then validated for linearity using a standard concentration range from 2-
20ug/ml, which demonstrated a linearity of R? = 0.994. This linearity was considered
acceptable according to ICH guidelines (European Medicines Agency, 1995) which stipulates
a R?value close to 1 is desired.

The repeatability assay produced a %RSD of 3.97, although the ICH guidelines (European
Medicines Agency, 1995) suggest a % RSD < 1%. Additionally, the precision assay provided a
%RSD ranging from 1.48-6.23, which is greater than the ICH accepted range of % RSD < 2
(European Medicines Agency, 1995). The accuracy assay however provided a %RSD of 1.48-
6.23 which was acceptable compared to the ICH guidelines of 100 + 2 % (European Medicines
Agency, 1995). So, the method developed was appropriate for accurate quantification of

meropenem in NLCs.

4.3 Encapsulation Efficiency of ME-NLCs

Encapsulation efficiency was calculated from the total drug in the ME-NLCs minus the free

drug detected in agqueous phase after separation from the ME-NLC by filtration. Using the
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calibrated HPLC method, the concentration of meropenem in the free drug was calculated
and subtracted from the total added showing a calculated encapsulation efficiency of
approximately 85.72%. The high encapsulation is a direct consequence of the drug solubility
in the lipid matrix of the NLCs. This trend can also be seen in the study conducted by Zoubari,
Staufenbiel et al., (2017), who found that the highest encapsulation of diclofenac sodium was

directly linked to the liquid lipid’s affinity to the drug.

4.4.Validation of HPLC for detection of meropenem in pH6.8 orthophosphate

buffer for in vitro drug release

A new isocratic method was developed for this study, as the meropenem was solubilised in
an aqueous solution and based on the previously optimised chromatographic conditions in
chapter 3.5.1.1-3.5.1.2. The method was then validated for linearity using a range standard
concentration from 2-20ug/ml, which demonstrated a linearity of R? = 0.9994. This linearity
was considered acceptable according to ICH guidelines which stipulates a R? value close to 1
is desired (European Medicines Agency, 1995) .

The repeatability assay produced a %RSD of 5.84, although the ICH guidelines suggest a % RSD
< 1% (European Medicines Agency, 1995) . The accuracy assay however provided a %RSD of
0.31-2.33 which was acceptable compared to the ICH guidelines of 100 + 2 % (European

Medicines Agency, 1995) .
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4.5. In vitro drug release study

The ME-NLCs drug release studies at 37 °C, revealed that 30% of the drug was released in the
first thirty minutes, which could be due to the burst release of the drug present on the surface
of NLCs. Burst release was followed by a sustained release with 70% of the drug being
released within eight hours. This is possibly due to the fast diffusion of meropenem molecules
along the high concentration gradient. It has also been suggested that the initial fast release
is caused by the presence of free drug on the surface of the NLC (Khan, Baboota et al., 2015),
whereas the sustained release is caused by the leaching of drug from the lipid matrix (Khan,
Baboota et al., 2015).

These results reflect those of Almousallam (2015) who also found that release studies of NLCs
encapsulating dacarbazine have an initial fast release of 48.18% for the first two hours,

followed by a sustained release.

4.6.1. Stability of ME-NLCs

Since a potential use for ME-NLCs is for the treatment of P. aeruginosa in cystic fibrosis
patients, with the administration by nebuliser or intravenously it was important to study the
colloidal stability of the ME-NLCs (Zwain, Alder et al., 2021). The stability of the ME-NLCs is
indicated by the change in particle size, and PDI.

The ME-NLCs when stored at 20 °C presents in an increase in particle size to 185nm (3.7%)
after 24 hours of storage. The particle size then decreased to 179.3nm after forty-eight hours

but remained in the optimal range <200nm. The PDI also decreased within the first twenty-
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four hours by 2.4% but remained within the optimal range.< 0.3 The PDI then increase to over
the optimal value after forty-eight hours. The zeta potential increase from the time of
preparation from -31mV to -39.9mV. The zeta potential decreased to -30.3mV after forty-
eight hours but remained optimal. This suggests the nanoparticles are stable for the first

twenty-four hours at 20 °C.

The ME-NLCs stored at 37 °C, presented in an increase of average particle size from 178.8nm
on the day of preparation to 187nm after 24 hours and increased again by 2.6nm (189.6nm)
after forty-eight hours. but remained in the optimum value of <200nm. The PDI decreased
within the first twenty-four hours from 0.283 on the day of preparation to 0.273. The PDI then
increased from 0.276 to 0.29 after forty-eight hours but remained within the optimal range.
The zeta potential increased from -31mV to -41mV and then decreased again to -36.3mV at

forty-eight hours.

This suggests that the storage temperature did not affect the stability of the nanoparticles
and that they are stable for the first twenty-four hours and subsequently may be used for
treatment in vitro within this time period. The decrease in stability after 48 hours can be
associated with particle aggregation, which led to an increase in the poly dispersity index of
the formulation. The decrease in stability could also be due to the leaching of the entrapped
drug from the NLCs as research by Khosa, Reddi and Saha, (2018) suggests that high drug
encapsulation if beneficial to stability. The zeta potential of the nanoparticles also indicates

the stability of the NLCs as the surface charge of the nanoparticle prevents aggregation.
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4.6.2 Lyophilisation of ME-NLCs

Lyophilisation of the formulations with a cryoprotectant generally results in better long-term
stability. Results from an investigation by Khan (2019) into the lyophilisation of Lopinavir-
Loaded Nanostructured Lipid Carriers showed that trehalose was the most effective
cryoprotectant. Additionally, Khan (2019) found that the use of sucrose as a cryoprotectant
resulted with particle size and PDI increasing above the optimal range set in the investigation
of particle size <150 nm, PDI £0.54 and ZP >-30 mV.

Findings from results presented in this thesis align with this latter trend because the particle
size and PDIl increased after lyophilisation using sucrose as a cryoprotectant (Figure 3.8). At a
concentration of 5% the particle size increased by 46.6%, PDI by 73.1% and ZP by 30.3%. The
concentration of 7% resulted in an increase of 67.5% in particle size, 128.6% PDI and 30.3%
ZP. Furthermore 10% showed an increase of 78.3% in particle size, 61.1% PDI and 29.4%.
Therefore, the concentrations of sucrose tested for lyophilisation was not an effective
cryoprotectant for ME-NLCs but other cryoprotectants such as trehalose may be more

effective.

4.7. Bacterial studies of the efficacy of ME-NLCs

Bacterial studies were aimed at evaluating the potential use of ME-NLCs as an antimicrobial
treatment for P. aeruginosa infections.
Six reference strains of Pseudomonas aeruginosa were characterised by the EUCAST disc

diffusion breakpoint method and all were found to be susceptible to ceftazidime, tetracycline,
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gentamicin, ciprofloxacin and most importantly meropenem. These strains were also found
to be resistant to trimethoprim, ampicillin and vancomycin.

The strain selected for evaluating the antimicrobial properties of the ME-NLCs was a EUCAST
quality control reference strain of Pseudomonas aeruginosa (ATCC 27583). This allowed for
comparison of MIC values for free drug and ME-NLCs.

For enumeration, the strain used was cultured using an adapted Miles, Misra method (Miles,
et al., 1938) in order to allow 10yl spots of serial dilutions for estimating total viable count.

CLED agar was used to restrict the colony sizes for accurate counting. When cultured on
Nutrient or Mueller Hinton agar the organism produced flat slightly spreading colonies. This
limited the number of colonies that could be counted in each 10ul spot. Additionally, when
cultured on CLED agar the cultures produce isolated non-lactose fermenting colonies with a
blue pigment due to the presence of pyocyanin. When the blank NLCs was used as a
treatment for P. aeruginosa no antimicrobial effect was observed, therefore showing no
antimicrobial properties of the excipients in the NLCs, and thus no synergistic antimicrobial
effect is present. Alalaiwe (2018) also found that using blank NLCs do not have an
antimicrobial effect on methicillin sensitive or resistant strains of Staphylococcus aureus. The
MIC value for P. aeruginosa ATCC 27853 when treated with meropenem was 0.5 ug/ml and
the MBC value was 4ug/ml. This finding is consistent with that of (EUCAST 2023) which
reports that the MIC for P. aeruginosa ATCC 27853 treated with meropenem is within the
range of 0.25-0.5ug/ml.

However, when the meropenem was encapsulated into a NLCs the MIC value increased to
2ug/ml and MBC value was 8ug/ml. Alalaiwe (2018) found that when encapsulating oxacillin
into an NLCs, there was an increase in MBC value with methicillin sensitive strain of

Staphylococcus aureus but a decrease of MBC value when treating a methicillin resistant
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strain of Staphylococcus aureus. A possible contribution to the decrease in efficacy is that
due to the negative surface charge of the ME-NLCs and the overall negative charge of the P.
aeruginosa bacteria, there might be fewer interactions between ME-NLCs and the test
organisms. Tang, Ashcroft et al., (2007) noted that negatively charged bacteria Escherichia
coli had a greater affinity to nanoparticles with a positive surface charge.

The fluorescence microscopy analysis showed that the ME-NLCs had an antimicrobial effect
via the increase of fluorescence intensity of the dead bacteria. The fluorescence microscopy
showed an increase of elongated cells from approximately 1% at the 17 hour sample to
approximately 5-10% at the 24 hour sample. It has been suggested that after treatment of
beta-lactam antibiotics that P. aeruginosa makes a morphological change from rod shaped
cells to coccus cells (Monahan, Turnbull et al.,, 2014).This does not appear to be the case.
However, this result has been described for other rod-shaped Gram negative bacterium
including E. coli which shows an increase in surface area to volume ratio when treated with

antibiotics that act on the cell wall such as meropenem (Ojkic, Serbanescu et al., 2022).

The efficacy of the ME-NLCs after storage was investigated and it was found that over forty
eight hours stored at 20° C the MIC values increased, and the MBC value remained the same.
The ME-NLCs stored at 37° C showed that the MIC value remained the same for whole time
period of the investigation, but the MBC values remained the same after twenty-four hours
and then decreased lower than the MBC value. Therefore, ME-NLCs still have antimicrobial
effect after storage of forty-eight hours at both temperatures.

However, this result has not previously been investigated.
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Additionally, the kill time curve and release studies also show that the ME-NLCs is relatively
fast acting because the in vitro drug release study showed that 30% of the drug was released
after the first thirty minutes and levels stay above the MBC value for up to twenty-four hours
which could benefit the clinical use of ME-NLCs by increasing time periods between dosages

as meropenem is administered every eight hours and is excreted with 70% unchanged.

4.8. Limitations

Limitations to the investigations should be mentioned. In the NLCs preparation the
parameters were changed individually while keeping the other parameters the same and
therefore inter-variable relationships were not investigated. The degradation of meropenem
in agueous solutions was also a limitation to the overall investigation and but could be
investigated in future work to increase stability. An assumption made in the study was that
ME-NLCs would have the same effect in vivo as that within in vitro. This could be investigated
in future. Additionally, the release study conducted in an orthophosphate buffer where in
further work the investigation would be conducted in a matrix more comparable to blood
plasma to inform on the stability and efficacy of the meropenem encapsulated for in vivo
studies. Another aspect for consideration is that P. aeruginosa colonises the CF lung forming
a biofilm whereas this study used organisms in logarithmic phase of growth in broth and
therefore the application could be completely different as this was an investigation into the
study of NLCs and planktonic bacteria. Further investigation into a wider range of susceptible
strains of P. ageruginosa may also highlight if the results found in this investigation are
repeatable or strain specific as this would benefit the future application of the ME-NLCs.

Furthermore, another direction of research for future investigations could be the evaluation
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of ME-NLCs for the treatment of meropenem-resistant strains of P. aeruginosa to see if the
results are consistent with data obtain by Alalaiwe (2018). Alternatively further research
could investigate the efficacy of ME-NLCs on other meropenem sensitive bacteria which affect
the cystic fibrosis lung, such as Gram positive bacterium Staphylococcus aureus or Gram

negative bacterium Burkholderia cepacia complex.

4.9 Future work

The investigations of the antimicrobial effect of ME-NLC on meropenem sensitive and
resistant strains of P. aeruginosa could give allow for greater knowledge of mechanism of
action of the NLCs. Future investigations for ME-NLCs include the effect on P. aeruginosa
biofilms and investigations into the efficacy as an antimicrobial treatment against
meropenem-resistant strains of P. aeruginosa to increase knowledge for application in vivo.
Additionally, the visualisation of the interactions between ME-NLCs and bacterial cell wall
using scanning and transmission electron microscopy to provide insight into possible
adaptations for treatment of resistant strains of bacteria.

ME-NLCs could be further optimised by altering the surface for specific binding to the
bacterial cell wall using regulatory proteins. Also, the nebulisation of ME-NLCs could allow for
testing of bacterial infections of lung cells to further the application for treatment of bacterial

infections of the CF lung.
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5. Conclusion

The increase in antibiotic resistance continues to present an obstacle for the treatment of
bacterial infections especially for those who are immunocompromised. Research for a drug
delivery strategy to optimise the use of existing antibiotics should continue. In this study, a
novel approach of encapsulating the hydrophilic antibiotic meropenem in a nanostructured
lipid carrier is described. The meropenem nanostructured lipid carriers (ME-NLCs) produced
were within the optimum values for each product parameter. The ME-NLCs exhibited a low
particle size (178.8nm), polydispersion index (0.283) and a zeta potential of -31mV . The drug
encapsulation was calculated at 85.72%. The effect of the ME-NLCs was investigated in
Mueller-Hinton media and found that ME-NLCs inhibited the growth of Pseudomonas
aeruginosa ATCC 27853 at a concentration of 2ug/ml. The ME-NLCs were bactericidal at a
concentration of 8ug/ml. Meropenem was released from the ME-NLCs to achieve a
concentration greater than the MBC value for a sustained period up to 24 hours. Meropenem
showed an increased stability at ambient temperature when encapsulated in the

nanostructured lipid carriers compared to aqueous solution.
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