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Meropenem generics are often imposed on prescribers, however scarce information is available on key
properties such as antimicrobial potency, stability and colouration in solution, and dissolution time. This
study aimed to generate comparative information for products available in Europe. The originator (AS-
TRA) and four generics (HOSPIRA, SANDOZ, FRESENIUS and AUROVIT) were compared for: (i) MICs against
Pseudomonas aeruginosa clinical isolates (range, 0.125-191 mg/L); (ii) colouration (visual and photometry)
and stability of concentrated solutions for prolonged or continuous infusion and maintained at 25-37 °C
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Iéee{lvgfiris' for up to 8 h (acceptable limit, >90% of original concentration); and (iii) dissolution time of concentrated

Meropenem solutions (50 mg/mL [for bolus administration]: turbidimetry and nursing personnel assessment). No sig-

Degradation nificant difference was observed for MICs (except 2/80 isolates). For concentrated solutions storage: (i)

Colouration SANDOZ produced about two times more yellow-coloured degradation products than the other prepara-

SDgabillity' tions; (ii) meropenem loss was time-, concentration- and temperature-dependent; (iii) FRESENIUS was
1ssolution

the least stable (limit for 1 g/48 mL, ~8 h at 25 °C and 4.5 h at 37 °C); (iv) at 2 g/48 mL, the storage
time limit was 5-6 h at 25 °C and ~3 h at 37 °C for all preparations. Complete dissolution (turbidimetry)
required 240 s for generics (120 s for ASTRA), and nurses reported longer but highly variable times for
generics. Substantial differences between innovator and generics have been identified that could impact
on their clinical use and/or make multicentric studies difficult to interpret, requiring suitability studies in
the environments of their intended use.

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

that storage up to 8 h would be acceptable provided the storage
temperature remains <25 °C [2,4-7]. However, the situation has

1. Introduction

Meropenem is frequently used in intensive care units (ICUs) for
treating severe infections caused by organisms resistant to other
antibiotics, such as Pseudomonas aeruginosa. As a B-lactam, its
activity is dependent upon the time during which plasma con-
centrations remain above the minimum inhibitory concentration
(MIC) of the causative pathogen, prompting its use by extended-
infusion administration [1]. However, this raises questions of
stability [2] that limit its officially approved infusion time to 15-
30 min and its storage at 25 °C to 3 h [3]. Yet, using the original
product (Meronem®; AstraZeneca), we and others have suggested
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increased in complexity by the introduction of generics (often im-
posed on the prescriber and not necessarily the same in different
hospitals) for which detailed stability studies are often lacking.
Moreover, there is published evidence for variations in properties
such as solubility rate [8] that may become critical when using
concentrated solutions. The present work was undertaken in the
context of a multicentric study to test for potential differences in
antimicrobial activity, stability and dissolution times of generics
used in three hospitals in Europe (Belgium, France and Spain) in
comparison with the originator.

2. Methods

Meropenem [powder for intravenous (i.v.) injection] was ob-
tained through the hospital pharmacies as supplied by AstraZeneca
(Belgium; originator; hereafter referred to ASTRA), HOSPIRA

0924-8579/© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.
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(Belgium), SANDOZ (Belgium), FRESENIUS-KABI (Belgium and
France; hereafter referred to FRESENIUS) or AUROVIT (Spain). All
were used before their expiration date. Other products were from
Sigma-Aldrich (St Louis, MO, USA), Merck AG (Darmstadt, Ger-
many) or procured from the hospital pharmacies.

Non-duplicate isolates of P. aeruginosa were from patients
with a diagnosis of nosocomial pneumonia [9]. MICs were mea-
sured by broth microdilution according to Clinical and Labora-
tory Standards Institute (CLSI) recommendations in cation-adjusted
Mueller-Hinton broth (BD Diagnostics, Franklin Lakes, NJ, USA)
but using arithmetic progression (see Results) and were cate-
gorised for susceptibility according to the interpretive criteria of

the European Committee on Antimicrobial Susceptibility Testing
(EUCAST).

Meropenem solutions were prepared in 0.9% NaCl (pharma-
ceutical grade) to mimic their intended use by prolonged or
continuous infusion and were kept at defined temperatures for up
to 8 h in the dark (to avoid potential photochemical degradation)
[10]. Colouration was assessed visually and photometrically using a
SpectraMax® M Series Multi-Mode Microplate Reader (Molecular
Devices, LLC, San Jose, CA, USA). Stability of meropenem was
tested using liquid chromatography/tandem mass spectrometry
(LC-MS/MS) (see Supplementary Methods for details) and the
rate of its disappearance was determined by linear regression
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Fig. 1. Comparative measurement of antimicrobial potency of the meropenem innovator (MERONEM®; ASTRA) and three generics (HOSPIRA, SANDOZ and FRESENIUS) against
Pseudomonas aeruginosa clinical isolates (n = 80; from patients with a diagnosis of nosocomial pneumonia). Minimum inhibitory concentrations (MICs) were measured in
duplicate (when values differed, the mean was used). (A) Global results separated in: (i) EUCAST-categorised susceptible strains [MIC < 2 mg/L, n = 40; mean value for
MERONEM = 0.578 £ 0.479 mg/L (extremes, 0.125-2.0 mg/L); progression steps, 0.05-0.2 mg/L]; (ii) EUCAST-categorised as intermediate strains [MIC >2.0 mg/L and <8.0
mg/L, n = 13; mean value for MERONEM = 4.59 + 2.06 mg/L (extremes, 3.0-8.0 mg/L); progression steps, 0.5 mg/L]; and (iii) EUCAST-categorised as resistant strains [MIC >
8 mg/L, n = 27; mean value for MERONEM = 58.9 + 60.3 mg/L (extremes, 10-191 mg/L); progression, 2-8 mg/L]. The graphs show the difference in MIC (in %) as observed
for the same strains when tested for each of the generics versus MERONEM for each strain with the geometric mean and the geometric standard deviation; statistical
analysis comparing generics with MERONEM (matched values for each strain) across all strains in each category using repeated measures analysis of variance: no significant
difference (P > 0.05, no post-hoc tested made). (B) Correlation of MIC of the EUCAST-categorised susceptible strains (n = 40) when tested with one of the generics (ordinate;
mg/L) versus the value observed with MERONEM (abscissa; mg/L); each dot represents one or more strains (see colour code on the left for MIC categories for MERONEM);
the quantile density contour analysis shows the number of strains for each dot [from red (largest number) to blue (lowest number)]; this mode of representation highlights
a few strains with major divergence between MICs between a generic and MERONEM; the red straight line is the regression line of the MICs between each generic and
MERONEM (R? and slopes, 0.822 and 1.034, 0.837 and 0.921, and 0.844 and 0.959, for HOSPIRA, SANDOZ and FRESENIUS, respectively). EUCAST, European Committee on
Antimicrobial Susceptibility Testing.
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Fig. 2. Colouring and dissolution of meropenem from the originator (ASTRA) or generics for (A,B) solutions prepared in 0.9% NaCl for extended or continuous infusion and
(C,D), solutions prepared in water (50 mg/mL) for bolus administration (as per the Summary of Product Characteristics) [3]. (A) Change in spectrophotometric absorbance
of the originator (ASTRA) upon incubation of a concentrated solution (2 g/48 mL) at 37 °C, evidencing the appearance of coloured degradation products. (B) Colouring and
optical density values at 405 nm of meropenem solutions from the originator (ASTRA) and from generics at two different concentrations after 8 h of incubation at the
indicated temperature. (C) Change in turbidity (optical density) over time (starting immediately after addition of water and transfer into a photometer tube; each sample
was subjected to gentle shaking repeated at 30-s intervals until reaching a null value). (D) Time (measured by 30-s intervals) after addition of water to the powder at which
each nurse (n = 9), while maintaining gentle shaking, declared the solution usable for bolus intravenous injection; individual data are shown with median and interquartile

range; statistical analysis (non-parametric analysis, Kruskal-Wallis test), non-significant.

of data (limited to situations with <20% loss from the original
concentration) with calculation of the 95% confidence interval.
As proposed previously [6,11-13], meropenem was considered as
staying stable as long as its content remained >90% of the original
value.

Dissolution studies mimicking the approved bolus adminis-
tration of meropenem consisted of dissolving 0.5 g in 10 mL of
water (as per the instructions for use in the corresponding Sum-
mary of Product Characteristics [3]). In the laboratory, turbidity
was measured over time using a BioSan Densitometer (BioSan
Medical-Biological Research & Technologies, Riga, Latvia) with
gentle shaking every 30 s. In wards, nurses (n = 9, blinded to
the type of drug used) had to shake the vial and declare when,
in their judgement, the solution was clear and usable for i.v.

injection (time noted by an observer and entered in the closest
corresponding 30-s interval).

Decay and statistical analyses were performed with GraphPad
InStat v.3.10 and GraphPad Prism v.8.2.0 from GraphPad Software
Inc. (San Diego, CA, USA; http://www.graphpad.com) and MIC cor-
relation analyses with JMP Pro v.14.3.0 (SAS Institute, Cary, NC,
USA; http://www.jmp.com).

3. Results
3.1. In vitro activity against Pseudomonas aeruginosa

MICs taken globally (80 isolates; MIC range, 0.125-191 mg/L)
or subdivided by susceptibility categories (Fig. 1A; 40 susceptible,


http://www.graphpad.com
http://www.jmp.com
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Table 1
Incubation time at which the meropenem concentration had fallen to 90% of its original value for the originator
(ASTRA) and four generics.

Source Time (h)

Meropenem 1 g/48 mL (in NaCl 0.9%) Meropenem 2 g/48 mL (in NaCl 0.9%)

25 °C 30 °C 37 °C 25 °C 30 °C 37 °C
ASTRA 212 +22a 149 +£26ad 97+10a 49+04a 42+03a 31=x02a
HOSPIRA 411 £ 140be 127+23ab 77+13b 56+02b 37+01b 3.0+02ab
SANDOZ 187 +£34a 125+ 17b 45+02c 51+03a 34+£02c 29+0.1ac
FRESENIUS 8.1 £ 0.8 ¢,f 55+03c 45+03¢cd 49+04a 38+02b 3.0x02ac
AUROVIT 313 +55d 16.1+164d 10.0 £ 09 a 60+03b 42+02a 3.0+0.1ac

The change in meropenem concentration was measured (in triplicate) from samples taken at 0 h, 0.5 h, and then
hourly up to 8 h. The rate of meropenem disappearance was calculated by linear regression [limited to the zone of
linearity (max. ~20% degradation)] with 95% confidence interval and was used to determine the time (+ standard
deviation) at which the meropenem concentration had or would have fallen to 90% of its value at 0 h.

Statistical analyses:

1. Effect of concentration [comparing at the same temperature (25, 30 or 37 °C) meropenem solutions from the same
source but at 1 g/48 mL vs. 2 g/48 mL]: extremely significant for each source (P < 0.0001, unpaired t-test two-tailed);
2. Effect of temperature [comparing at the same concentration (1 g/48 mL or 2 g/48 mL) meropenem solutions from
the same source but at 25, 30 or 37 °C]: extremely significant (P < 0.0001) by repeated analysis of variance (ANOVA)
when considering all data, with P < 0.001 for Tukey-Kramer multiple comparisons post-hoc test, except for FRESE-
NIUS 1 g 30 °C vs. FRESENIUS 1 g 37 °C (P < 0.01), AUROVIT 1 g 30 °C vs. AUROVIT 1 g 37 °C (P < 0.01) and HOSPIRA
1 g 30 °C vs. HOSPIRA 1 g 37 °C (P > 0.05, not significant).

3. Effect of source [comparing at one temperature (25, 30 or 37 °C) and at one concentration (1 g/48 mL or 2 g/48 mL)
meropenem solutions prepared from different sources (ASTRA, HOSPIRA, SANDOZ, FRESENIUS or AUROVIT)]: figures
with different letters are significantly different from each other (ANOVA with Tukey-Kramer multiple comparisons

post-hoc test; P < 0.05).

13 intermediate and 27 resistant) were not significantly different
between the originator (ASTRA) and the three generics tested.
However, among susceptible isolates, (i) two showed an MIC >2
times higher for HOSPIRA or SANDOZ compared with ASTRA, and
one for FRESENIUS (one common to all three generics), which,
however, did not affect their categorisation; (ii) the correlation
slopes (linear regression) between ASTRA and SANDOZ or FRESE-
NIUS were only 0.921 or 0.959, respectively (Fig. 1B), suggesting
that these generics were slightly less potent (but, again, not to the
extent of changing the categorisation of the isolates).

3.2. Colouration and stability

Meropenem preparations (1 g or 2 g in 48 mg/L) as used in
ICUs (via motor-operated syringes) quickly get coloured upon stor-
age. Fig. 2A shows the change in absorption spectrum for the orig-
inator (ASTRA) after storage of a 2 g/48 mL solution at 37 °C for
8 h, evidencing two additional peaks at 320 nm and 405 nm.
Fig. 2B shows the colour appearance for all preparations at all
conditions tested, with the numeric values of the corresponding
spectrophotometric absorptions at 405 nm. SANDOZ clearly yielded
more coloured product(s) than others in all conditions (also ob-
served for solutions prepared in water, ruling out a possible role
of the matrix).

The same preparations were used to measure the decay of
meropenem concentration (see typical results in two conditions
corresponding to the extremes of concentration and temperature
tested with the originator in Supplementary Fig. S1). The loss of
meropenem over time was both concentration- and temperature-
dependent for all preparations. Table 1 shows the time needed to
reduce the meropenem concentration to 90% of its original value
in each condition tested for each preparation. At 1 g/48 mL, FRE-
SENIUS was the least stable, with the 90% limit reached after only
~8 h at 25 °C and 4.5 h at 37 °C. At 2 g/48 mL, this 90% limit was
reached after ~5-6 h at 25 °C and after only ~3 h at 37 °C for all
preparations.

3.3. Dissolution time

Fig. 2C shows that the turbidity of meropenem solutions pre-
pared from the originator (ASTRA) decreased rapidly, reaching a

null value within ~130 s. Solutions from HOSPIRA and FRESE-
NIUS showed an initial delay in dissolution, and all three generics
showed a plateau in turbidity (incomplete dissolution) for up to
200 s (HOSPIRA and FRESENIUS) or 230 s (SANDOZ). Fig. 2D shows
the shaking time after which individual nurses declared the solu-
tion suitable for i.v. injection. Whilst there was large variability be-
tween individuals, times in excess of 90 s were more frequent for
the generics (especially SANDOZ) than for the originator (ASTRA),
but were only once above 120 s.

4. Discussion

Generics represent a large share of total antibiotic consumption
and are often the only available forms to clinicians. Current Euro-
pean approval regulations [14,15] imply that generics should have
the same qualitative and quantitative composition in active sub-
stances and the same pharmaceutical form as the reference medic-
inal product, but bioavailability studies are not required for drugs
intended for parenteral administration. This raises concerns, as key
properties that may affect the overall therapeutic effectiveness and
safety of an antibiotic, such as antimicrobial activity, stability, ap-
pearance of degradation products, and rapid and complete disso-
lution, are usually not tested. The present study examines these
aspects for meropenem within the context of its proposed use for
treatment of severe infections caused by P. aeruginosa in ICUs.

This study of the antimicrobial activity yielded reassuring re-
sults since all tested compounds showed essentially similar MICs
throughout the whole panel of clinical isolates used, if very rare
deviations limited to susceptible strains (and not affecting their
categorisation) are disregarded, the nature and impact of which
nevertheless remain to be determined. The slightly lower potency
of SANDOZ and FRESENIUS compared with ASTRA could be consid-
ered as very minor. Thus, the generics tested showed reasonable
equivalence with the originator regarding their in vitro potency,
suggesting that they could be used interchangeably as far as their
antimicrobial potency is concerned.

The situation and our conclusions are, however, less optimistic
regarding the other properties tested. Indeed, we provide evidence
for substantial differences with respect to stability, degradation,
and ease and rate of dissolution. We first confirm here that
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meropenem is unstable in solution, with the present study doc-
umenting that only low concentration solutions (1 g in 48 mL)
can be stored for up to 8 h if maintained at <25 °C as previously
reported [2,5-7], ruling out the indiscriminate use of meropenem
by continuous infusion if using concentrated solutions under
conditions where renewal of storage containers and temperature
are not under strict control. Particularly worrying is that one
generic (FRESENIUS) was clearly less stable, implying that its use
in uncontrolled conditions could lead to insufficient therapeutic
effects (faster degradation of a generic of imipenem compared
with the originator has been shown to result in non-therapeutic
equivalence if using discriminating animal models [16]). We also
document here that more coloured product(s) are released from
SANDOZ than from the originator (even though storage was in
light-protected containers), opening the possibility of adverse
effects, as suggested from cytotoxicity studies of meropenem
degradation products [17]. Lastly, we also demonstrate that gener-
ics take a longer time to achieve complete dissolution (possibly
due to the presence of coarser particles [8]), a potential problem
for safe bolus administration, which was not clearly recognised
by the nursing team (hence the shorter median times reported)
but could create definite issues when drug solutions are prepared
under time pressure as is often the case in many wards.

This study has obvious limitations. First, meropenem prepa-
rations from only five suppliers and obtained once were tested,
meaning that the conclusions cannot be applied blindly to other
batches, other suppliers, and certainly not other antibiotics. Sec-
ond, we did not attempt to study the reasons (chemical, physical,
others, etc.) for the differences noted in the context of this study
since these could be fairly complex, specific to each product and
situation, and would require considerable time and effort, includ-
ing the use of sophisticated analytical techniques (see, for instance,
our previous work characterising the degradation products origi-
nating from doripenem and meropenem [4]). Third, we did not test
for therapeutic equivalence in animals [18] or patients [19] owing
to insufficient support for conducting such studies at a meaning-
ful scale. But because what we saw applies to generics that were
approved for clinical use by the official authorities of the countries
where they were made available to us, we suggest that there is a
definite need for determining the actual suitability of each generic
compared with the innovator in the specific environment(s) where
it will be used.
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Supplementary methods

Assay conditions of meropenem [liquid chromatography/tandem mass
spectrometry (LC-MS/MS)]

A Quattro Micro Tandem Mass Spectrometer (Micromass UK Ltd.,
Manchester, UK) fitted with a Z-spray ion source was used for the assay. The
instrument was operated in positive electrospray ionisation mode and was directly
coupled to a Waters 2795 Alliance High Throughput HPLC System (Waters, Milford,
MA, USA). Chromatographic separation was achieved using a Kinetex C18 column
(100 A, 50 x 3.0 mm, 2.6 um particle size; Phenomenex, Torrance, CA, USA)
maintained at 30 °C, with a mobile phase flow rate of 0.15 mL/min [0.1% formic acid
in water and 0.1% formic acid in methanol; isocratic elution (30/70%, v/v)]. The
multiple reaction monitoring transitions used for quantification were m/z 384>141.32
for meropenem and m/z 390.3>147.39 for its deuterated internal standard (IS) ([?Hs]-
meropenem; Alsachim, lllkirch, France), respectively. The cone voltage was set to 15

V and the collision energy to 15 eV both for the antibiotic and its IS.

Sample preparation consisted of mixing 30 uL of meropenem solution (1 g or
2 g dissolved in 48 mL NaCl 0.9%, and further appropriately diluted to obtain a final
dilution ratio of 1:300) with 30 puL of the IS solution (10 mg/L in methanol) and 40 uL
of methanol in an Eppendorf tube. The injection volume and total run time were 10
uL and 5 min, respectively. The autosampler temperature was set at 8 °C. Samples

were prepared and assayed in triplicate.



The method was fully validated over a 3-day period with five calibration curves
per day (15 samples per concentration level, i.e. 0, 0.5, 1, 5, 10, 20, 50, 75, 100, 150
and 200 mg/L) according to the published acceptance criteria [1-3] and displayed a
between-run imprecision ranging from 0.8—4.7% with a limit of detection and limit of

guantitation fixed at 0.1 mg/L and 0.5 mg/L, respectively.
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Supplementary Fig. S1. Typical changes in meropenem concentration following
incubation of solutions prepared in 0.9% NacCl [in this example, from the innovator
(AstraZeneca)] at a low concentration and room temperature (1 g/48 mL, 25 °C;
open circles) or a high concentration and body temperature (2 g/48 mL, 37 °C; open
triangles). Each point is the mean of triplicate determinations. Degradation rates
(with 95% CI) were calculated using the slope of linear regression of the
experimental data (solid line; limited to the zone of linearity; dotted lines show the
upper and lower 95% CI slopes) and used to calculate (by intrapolation or
extrapolation) the time (in h) £ standard deviation needed to reduce the meropenem
concentration to 90% of its original value (see data presented in Table 1 of the main

document). CI, confidence interval.
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