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The radiolytic studies play a huge role in find-
ing alternative sterilization methods applicable to
drugs with special requirements. The most com-
monly used technique for sterilizing antibiotics is
membrane filtering, however, its use is limited
with regard to chemically unstable drugs such as
carbapenems. These antibiotics contain the β-lac-
tam ring in their structure and that is particularly
sensitive to elevated temperature and humidity
conditions as well as the presence of oxidative fac-
tors, which can lead to degradation of the key
structure responsible for the antibacterial activity
of the drug (1). Having regard to above facts, irra-
diation becomes the most advantageous methods
of sterilising for carbapenems class of antibiotics,
however, the use of this approach requires detailed
studies on the impact of radiation on changes in
API structure and its pharmaceutical properties in
every single case (2).

Doripenem monohydrate (DRP) is a synthetic
drug from the group of carbapenems. DRP is indi-
cated as a single agent for the treatment of serious
bacterial infection due to its broad-spectrum of
activity against Gram-negative and Gram-positive
bacteria as well as anaerobic microorganisms
including Pseudomonas aeruginosa, Acinetobacter
species, Haemophilus influenzae, Bacteroides frag-
ilis, Enterobacteriaceae, streptococci, and staphylo-
cocci (3-6). It is clinically available for the treatment
of complicated intra-abdominal and complicated
urinary tract infections in hospitalized patients and
administered every 8 h by intravenous infusion over
one hour in dosage 500 mg (7-10). The formulation
of DRP requires storage in airtight containers and
preparation of the appropriate solution under sterile
condition directly before administration (10) due to
its degradation in solution at increased temperature
(11-13). The DRP also shows low stability in the
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solid state (14), what should be taken under consid-
eration while selecting the sterilization method for
its preparation. To the best of our knowledge, stud-
ies into the stability of DRP after radiation sterilisa-
tion have not been conducted.

In this paper, the effect of ionizing radiation on
DRP in the solid state has been investigated. A stan-
dard recommended dose of irradiation (25 kGy) (15)
and higher radiation doses (50ñ400 kGy) have been
applied to understand the process of potential
changes in DRP after sterilization.

EXPERIMENTAL

Standards and reagents

Doripenem for injection available in a prepara-
tion DORIBAXTM (Janssen-Cilag International NV),
is a white to slightly yellowish off-white sterile crys-
talline powder for preparation of the intravenous
solution. Each vial of DORIBAXTM contains 500 mg
of doripenem monohydrate. The pH of the infusion
solution is between 4.5 and 5.5. The DORIBAXTM is
formulated without any inactive ingredients.

All other chemicals and solvents were obtained
from Merck KGaA (Germany) and were of analyti-
cal grade. High quality pure water was prepared
using the Millipore purification system (Millipore,
Molsheim, France, model Exil SA 67120).

Methods

Irradiation

The 5.0 mg samples of DRP were weighted
into colorless glass vials and closed with plastic
stoppers. Then the samples were exposed to beta
irradiation in a linear electron accelerator LAE 13/9
(9.96 MeV electron beam and 6.2µA current intensi-
ty) at 25, 50, 100, 200 and 400 kGy dose rates.

Electron paramagnetic resonance (EPR) spec-

troscopy 

A Bruker ELEXSYS 500 spectrometer
(Bruker, Billerica, MA, USA) was used to detect the
level of free radicals and determination of their con-
centration (X-band, 9.4 GHz). Tests were carried
out for irradiated and non-irradiated powdered sam-
ples of DRP in quartz capillaries at 24OC. EPR spec-
tra were recorded as a first derivative of the absorp-
tion signal. The calculation of the free radicals num-
ber has been carried out using the method described
by Mai et al. (2013) (16). 

X-ray powder diffraction (XRPD)

An X-ray powder diffraction (XRPD) pattern
was obtained by means of a PANalitycal Empyrean

system with Cu Kα1 radiation (1.54056 A) at a volt-
age of 45 kV and a current of 40 mA. The sample
was scanned from 3O to 50O 2θ using a step size of
0.017O and the scanning rate 15 s/step with the sam-
ple spinning.

Fourier Transform Infrared (FT-IR) spectroscopy 

The spectra were measured on Fourier
Transform Infrared (FT-IR) spectrometer, IR Affi-
nity-1 Shimadzu. Samples were prepared using po-
tassium bromide as a matrix material and were
mixed in proportions of 1 mg of a sample to 300 mg
KBr. Pellets were prepared under pressure of 15
ton/cm2 with a barrel of 13 mm in diameter. Absorp-
tion spectra were recorded with a resolution of 2 cm-

1 within a wavenumber range from 4000 to 400 cm-

1. For each spectrum, 30 scans were taken and aver-
aged and the spectrum of pure KBr pellet was sub-
tracted from the spectra of samples. 

Ultraviolet-visible (UVñVIS) spectroscopy

Potential changes in stability of irradiated and
non-irradiated samples were examined by spec-
troscopy in the wavelength range of 200ñ400 nm
using a UV/VIS Perkin Elmer Lambda 20 spec-
trophotometer with the UV WinLab software
(PerkinElmer, Waltham, MA, USA). The 5.0 mg of
each DRP samples were dissolved in 25.0 mL of
water and the 2.0 mL of solution was diluted to 10.0
mL of water. The spectra of solutions in final con-
centration 0.04 mg/mL were recorded. The refer-
ence sample was the solvent ñ distilled water.

High-performance liquid chromatography

(HPLC-DAD) analysis

The Dionex Ultimate 3000 analytical system
consisted of a quaternary pump, an autosampler, a
column oven and a diode array detector (Dionex,
Sunnyvale, CA, USA) were used for the kinetic
study of DRP samples and separation of degradation
products. As the stationary phase there was applied
a Kinetex core shell, C18, 5 µm particle size, 100
mm ◊ 2.1 mm (Phenomenex, Torrance, CA, USA).
The mobile phase composition was 12 mM ammo-
nium acetate ñ acetonitrile (96 : 4 v/v). The 5.0 mg
of each DRP samples (irradiated and non-irradiated)
were dissolved in 25.0 mL of water and the injection
volume for HPLC analysis was 10 µL. Separation
was performed at 30OC and the wavelength of the
diode array detector (DAD) was set at 298 nm (17).
The stability tests were performed according to the
International Conference on Harmonization Guide-
lines (18).
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HPLC-MS/MS analysis

The mass spectrometry analysis was performed
with the use of an Agilent Accurate-Mass Q-TOF
LC/MS G6520B system with a DESI ion source and
an Infinity 1290 ultra-high-pressure liquid chro-
matography system consisting of a G4220A binary
pump, a G1330B FC/ALS thermostat, a G4226A
autosampler, a G4212A DAD and a G1316C TCC
module (Agilent Technologies, Santa Clara, USA).
The control of the system, data acquisition and qual-
itative analysis were conducted with the use of the
MassHunter workstation software B.04.00. 

As the stationary phase there was applied a
Proshell 2.7 mm particle size, 100 mm ◊ 2.1 mm.
The initial mobile phase composition was acetoni-
trile ñ 0.1% formic acid (5 : 95) during 2 min, then
gradient elution was used starting from mobile
phase composition ratio (5 : 95) after 2 min to 30 :
70 within 15 min and the flow rate of the mobile
phase was 0.3 mL/min. The Q-TOF detector was
tuned in the positive (4 GHz) and the main parame-

ters were optimized as follows: gas temp. 300OC,
drying gas 10 L/min, nebulizer pressure 40 psig,
capillary voltage 3500 V, fragmentor voltage 200 V,
skimmer voltage 65 V, octopole 1 radio frequency
voltage 250 V. The data were acquired in the auto
MS/MS mode with the mass range 50-950 m/z and
the acquisition rate 1.2 spectra/s (for MS and
MS/MS data). The collision energy was calculated
from the formula 2 V (slope)*(m/z)/100 + 6V (off-
set) and maximum 2 precursors per cycle were
selected with an active exclusion mode after 1 spec-
trum for 0.2 min. To ensure the accuracy of meas-
urements, the reference mass correction was used
and values 121.0508 and 922.0097 m/z were select-
ed as lock masses.

Microbiological study 

Minimal Inhibitory Concentration (MIC) was
determined for each reference strains from the
American Type Culture Collection and clinical iso-
lates. MICs for doripenem was assayed using serial

Table 1. MIC values (mg/L) of DRP and irradiated DRP samples.

Microorganism DRP 0 kGy DRP 25 kGy DRP 400 kGy
References stain or Clinical isolates* Mg/L

Salmonella enteritidis* 2 2 16

Salmonella enteritidis ATCC 13076 1 1 16

Salmonella typhimurium* 4 4 16

Salmonella typhimurium ATCC 14028 2 2 16

Staphylococcus aureus* 8 8 8

Staphylococcus aureus ATCC 25923 8 8 8

Klebsiella pneumonia* 2 2 2

Klebsiella pneumonia ATCC 31488 0.1 0.1 0.1

Escherichia coli* 4 4 8

Escherichia coli ATCC 25922 0.25 0.25 1

Pseudomonas aeruginosa* 4 4 4

Pseudomonas aeruginosa ATCC 27853 1 1 1

Proteus vulgaris* 4 4 4

Proteus vulgaris ATCC 8427 0.5 0.5 0.5

Clostridium butyricum* resistant resistant resistant

Clostridium butyricum ATCC 860 resistant resistant resistant

Clostridium pasterianum* 0.25 0.25 0.25

Clostridium pasterianum ATCC 6013 0.25 0.25 0.25

Acinetobacter baumannii* 32 32 32

Acinetobacter baumannii ATCC 19606 16 16 16

Enterobacter aerogenes* 1 1 1

Enterobacter aerogenes ATCC 13048 0.25 0.25 0.25 
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dilutions on the Mueller-Hinton liquid medium
(Merck, Germany). Microbial culture with a stan-
dardized optical density was used in that experi-
ment. The applied method follows the standards of
the Clinical and Laboratory Standards Institute
(CLSI) (19). The experiments were run in triplicate.

RESULTS AND DISCUSSION

Previous studies about radiostability of β-lac-
tams antibiotics ñ cephalosporins confirmed its sus-
ceptibility for degradation (1, 20, 21). 

HPLC-UV, HPLC MS, FT-IR, UV, and XRPD
analysis confirmed that after exposure to a standard

sterilizing dose (SSD) (25 kGy) DRP was not degraded.
No differences in chromatograms, diffractograms (Fig.
1), FT-IR (Fig. 2) and UV-Vis (Fig. 3) spectra between
non-irradiated and irradiated DRP samples were
noticed. Standard sterilizing dose (25 kGy) ensured the
sterility of DRP samples and antibacterial activity of
such sterilized carbapenem was unchanged (Tab. 1). 

Higher radiation doses (50ñ400 kGy) have
been applied to understand the mechanism of DRP
degradation. 

UV-Vis and FT-IR spectra recorded for those
doses were identical as for non-irradiated DRP
(Figs. 2 and 3). Based on the HPLC-DAD analysis,
no changes in an assay of DRP were observed con-

Figure 1. XRPD spectra of unirradiated and irradiated (25 kGy) DRP

Figure 2. FT-IR spectra of unirradiated and irradiated DRP
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nected with increasing radiation and the appearance
of peaks originating from radiolysis products were
not observed. HPLC-MS/MS was employed to iden-
tification of DRP (measured mass 421.1194, reten-
tion time tr = 3.5 min) exposed to radiation. The
molecular ion of DRP was very accurately identified
(3.77 ppm). HPLC-MS/MS analysis has shown only
one degradation product (measured mass 452.1387,
retention time tr = 2.5 min) of DRP after its irradia-
tion (400 kGy) but it was a trace component. 

EPR spectrum of non-irradiated DRP sample is
at the level of instrumentation noise of the spec-
trometer and the radical concentration is lower than
3 ppm. EPR spectrum of irradiated DRP consists of
a large number of partially split lines as presented in
Figure 4. The strongest line is characterized by spec-
troscopic coefficient g = 2.0054. Some noticeable
symmetry of the spectrum above and below this

value points to the presence of unpaired electron
interaction with hydrogen and nitrogen nuclei (EPR
superhyperfine structure). Apart from the spectral
intensity decrease after irradiation, one can notice in
Figure 4 some changes in the shape of the spectrum.
The above indicates that radiation generates more
than one type of radicals. Presented in Figure 5 con-
centration of free radicals versus time t after irradia-
tion is described by exponential decay:

C(t) = Cs + Cne-t/τ (1)
where Cs is concentration of stable free radicals, Cn

is the concentration of unstable free radicals and t is
the mean lifetime of unstable free radicals.
Approximation of the Eq. 1 to experimental points
gives the following parameters: C (t = 0) = 7.7 (±
0.7) ◊ 1017 radicals/g, Cs = 5.8 (± 0.1) ◊ 1017 radi-
cals/g, Cn = 1.9 (± 0.6) ◊ 1017 radicals/g and t = 80
(± 30) h. Taking into account the molecular mass of

Figure 3. UV spectra of unirradiated and irradiated DRP

Figure 4. EPR spectra of irradiated DRP recorded 72 h and 310 h after radiation sterilization (radiation dose 25 kGy)
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DRP we can conclude that irradiation with a dose of
25 kGy results in the creation of radical defects with
concentration of about 600 ppm, however only 25%
of them are unstable.

The analysis of antibacterial activity was car-
ried out for DRP using 11 bacteria strains ñ mainly
Gram-negative, including clinical isolates and refer-
ence strains. The lowest MIC was determined for
Klebsiella pneumoniae (reference strain MIC = 0.1
mg/L, clinical isolate MIC = 2 mg/L); Clostridium
pasterianum (reference strain, clinical isolate MIC =
0.25 mg/L) and Enterobacter aerogenes (reference
strain MIC = 0.25 mg/L, clinical isolate MIC = 1.0
mg/L). The greatest sensitivity to DRP was shown
for species of Acinetobacter baumannii. The MIC
value for clinical isolate was 32 mg/L and for refer-
ence strain ñ 16 mg/L. These results were obtained
for non-irradiated samples of DRP. The next part of
the analysis showed the effect of irradiation in a
dose of 25 kGy and 400 kGy on the antibacterial
properties of DRP. As shown in Table 1 ñ no
changes in MIC and antibacterial activity of DRP
irradiated with a recommended sterilization dose of
25 kGy were observed. On the other hand ñ lowering
the MIC value was observed for Salmonella enteri-
tidis (clinical isolate MIC from 2 → 16 mg/L; refer-
ence strain MIC from 1 → 16 mg/L), Salmonella
typhimurium (clinical isolate MIC from 4 → 16
mg/L; reference strain MIC from 2 → 16 mg/L) and
Escherichia coli (clinical isolate MIC from 4 → 8
mg/L; reference strain MIC from 0.25 → 1 mg/L).
The changes of antibacterial activity of irradiated
DRP (400 kGy) have been reported for 6 (Salmo-
nella enteritidis, Salmonella typhimurium and Esche-
richia coli ñ both clinical isolates and reference
strains) from 22 analyzed stains (Tab. 1). This effect
is probably connected with the formation of a degra-
dation product of DRP monitored by HPLC-MS/MS.

Similarly, as for the others carbapenems, the
resistance of the specific bacteria strains to DRP may
be the result of several factors such as its hydrolysis
in the presence of β-lactamases, the ability to pene-
trate into penicillin-binding proteins (PBP) or activa-
tion of the efflux pump. DRP is substantially insen-
sitive to the most of β-lactamases, however, DRP can
by hydrolyzed by B-type Ambler β-lactamases such
as IMP, SPM or VIM, which could be produced by
for example Pseudomonas spp., A. baumannii, S.
maltophilia or Bacillus spp. (22). 

CONCLUSIONS

The results of conducted studies allow to con-
clude that doripenem monohydrate similarly like
another β-lactam ñ cefpirome sulfate (23) ñ could be
successfully sterilized by radiation (25 kGy). This
method can be successfully used for sterilization and
decontamination of DRP and does not cause any
changes in physicochemical and microbiological
properties of this compound. 
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