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Doripenem (DM), an antibiotic used for kidney, lung, and urinary infections, underwent the development of a robust
high-performance liquid chromatography (HPLC) technique using the quality-by-design approach. This method,
integrating design-of-experiments, detected organic impurities in both drug substances and formulated products.

Operating with a C18 analytical column in a binary gradient mode with potassium phosphate buffer (pH 6.1) and
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acetonitrile as mobile phases, the method ran at a flow rate of 1.20 ml/minutes, with an injection volume of 20-pl
and a column temperature of 45°C. Stability testing under various conditions, including hydrolysis, oxidation, heat,
humidity, and light exposure, confirmed the method’s reliability without interference. Validation studies, compliant
with ICH guidelines, revealed quantitation limits of 0.006%, linearity between 0.060 and 1.800 pg/ml (R*> > 0.999),
and recoveries ranging from 96.8% to 99.1%. This HPLC method was effectively used for stability assessment in
quality control testing, assessing doripenemic acid, doripenem assay, and organic impurities.

INTRODUCTION

Doripenem (DM) is an antibiotic medication used for
treating severe stomach infections, pneumonia, and urinary
tract infections, particularly those stemming from kidney
issues caused by sepsis. It falls under the carbapenem class
and exhibits a wide spectrum of bacterial sensitivity, targeting
both gram-positive and gram-negative bacteria. DM inhibits the
synthesis of cell walls in microorganisms by interacting with
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penicillin-binding proteins. It is vulnerable to carbapenemase
activity but resistant to beta-lactamases, including those
with broad activity. Additionally, it demonstrates enhanced
efficacy against Pseudomonas aeruginosa. DM monohydrate
(Fig. 1) is chemically defined as (4R,5S,6S)-3-[((3S,5S)-5-
[[(aminosulfonyl)amino]methyl]-3-pyrrolidinyl)thio]-6-[(1R)-
1-hydroxyethyl]-4-methyl-7-ox0-1-azabicyclo[3.2.0]hept-2-
ene-2-carboxylicacid monohydrate, with a molecular mass
and formula of 438.52 m/z (420.50 m/z in free-base form)
and C H,NOS-HO (C,H,NQOS, in free-base form),
respectively [1].

The importance of developing straightforward and
precise analytical methods to detect and quantify impurities
in medicines is underscored by their growing therapeutic
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significance [2]. Analyzing impurities and assays for quantitative
estimation and identification is increasingly essential to assess
the quality of both drug substances and pharmaceutical products,
ensuring their safety and acceptability for use [3,4]. As a result,
it is imperative to test each drug for assay and organic impurities
to determine its potency and impurity profile, ideally achieved
through suitable liquid chromatography techniques.

Liquid chromatographic techniques are commonly
utilized methods for separating and quantifying target analytes
within complex sample mixtures, ensuring accurate estimation
without interference. Chromatographic separation can be
achieved through either normal-phase liquid chromatography
[5-8] or reversed-phase liquid chromatography [9-13].
Liquid chromatography methods featuring stability-
indicating  characteristics, such as high-performance
liquid chromatography (HPLC), ultra-performance liquid
chromatography (UPLC), and liquid chromatography-mass
spectrometry, are frequently employed for potency assays and
impurity profiling [12—15].

The stability-indicating method (SIM) is a reliable
analytical approach used to effectively separate closely eluting
peak pairs and accurately identify each component without
any interference, whether in a drug substance or drug product.
Stability testing, employing this technique, aims to assess how
the quality of a drug substance or product changes over time
due to various environmental factors such as temperature,
humidity, and light. The resulting data helps in making decisions
regarding the management of the drug’s stability. This includes
determining a retest period for the drug substance or a shelf life
for the drug product, as well as establishing appropriate storage
conditions.

Following an extensive literature review, it was
noted that there are only a handful of documented analytical
procedures for assaying and testing impurities. A thorough
examination of scientific literature revealed the absence
of officially standardized methods for assaying and testing
impurities in DM wusing chromatography techniques.
Moreover, no chromatographic method has been reported
for simultaneously determining both DM-related organic
impurities and doripenemic acid (DMA) [16-23], as illustrated
in Figure 1. However, there is no reported SIM for estimating
the assay and organic-related impurities of DM. Consequently,
the author developed and established a stability-indicating
reversed-phase HPLC method (RP-HPLC) for determining
organic-related impurities and the assay of doripenem in both
drug substances and pharmaceutical formulations (infusion
for injection).

To create a stability-indicating HPLC method, a
series of experiments, typically around 15, were devised using
a factorial design model. This initial method was then further
refined and scientifically elucidated through optimization
using the design of experiments (DoEs) approach [24]. The
proposed The proposed HPLC procedure underwent validation,
demonstrating exceptional characteristics such as linearity,
accuracy, precision, specificity, stress testing, detection limit,
and quantitation limit (QL) [25-36]. Robustness and solution
stability investigations were conducted to ensure the ongoing

efficacy of the developed HPLC method, yielding results within
acceptable parameters.

EXPERIMENTS

Reagents and materials

Analytical reagent-grade phosphoric acid and
potassium dihydrogen phosphate were obtained from SRL
Private Ltd. (Mumbai, India). DM monohydrate and its
organic impurity (DoE) were generously provided by Aurex
Laboratories (Hyderabad, India). Samples of DM powder for
infusion (500 mg/vial) and placebo powder (containing DM
and all its excipients) were prepared at Aurex Laboratories
(Hyderabad, India). Ultra-purified water for HPLC analysis was
sourced from the Department of Chemistry, Acharya Nagarjuna
University (Guntur, India). SRL Private Ltd. (Mumbai,
India) supplied analytical reagent-quality sodium hydroxide,
hydrochloric acid, potassium nitrate, and hydrogen peroxide
(50%, w/w).

Instrumentation

The assay and organic impurity testing of DM
were conducted utilizing a Waters Alliance ¢2695 HPLC
system (Waters, UK) paired with a 2,996 photodiode array
detector (Waters, UK). A C18 column (Inertsil ODS-3V,
250 x 4.6 mm, 5.0-um, GL Sciences, Japan) was employed
for chromatographic separation. Chromatographic data were
acquired using Empower 3 software. Samples and standards
were weighed using an analytical balance (Mettler Toledo,
XSR105, Switzerland). The pH of the buffer was measured
and adjusted utilizing a Polmon pH meter (LP-135M, Polmon,
India).

HPLC conditions

To achieve chromatographic separation in gradient
elution mode, an HPLC system with an Inertsii ODS-3V
analytical column (250 x 4.6 mm, 5.0 um) was utilized. The
mobile phase A consisted of a potassium dihydrogen phosphate
buffer solution (25 mM, pH adjusted to 6.1 with dilute sodium
hydroxide solution), while acetonitrile served as mobile phase
B. A gradient elution mode with the following profile [(time
(min)/%B): 0/0, 15/8, 30/28, 35/28, 40/0, and 45/0] was
employed, with a flow rate of 1.2 mL/min and an injection
volume of 20 pL. The auto-sampler tray temperature was
maintained at a constant 5°C, while the column temperature was
set to 45°C. The potency assay and organic-related impurities of
DM were determined using a detection wavelength of UV 295

Q_NH,
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Figure 1. Chemical structures of (a) DM and (b) DMA.
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nm. Doripenemic acid (DMA) was quantified using a detection
wavelength of UV 210 nm.

Diluting solvent

All samples and standard solutions were prepared
using a diluent composed of a 90:10 (v/v) mixture of acetonitrile
and pH 6.1 buffer solutions.

Standard solution

To prepare the working standard stock solution of DM,
10 mg of DM was dissolved in 100 mL of diluent, resulting in
a concentration of 100 ng/mL To achieve a final concentration
of 6.0 pg/ml for potency assay analysis, the stock solution was
further diluted by transferring 3.0 ml of the stock solution into a
50 mL volumetric flask and then diluting with diluent.

For the standards of DM (4.0 mg) and DMA (4.0 mg),
the substances were accurately weighed and added to separate
100-ml volumetric flasks. To each flask, 30 ml of diluent was
added, and the solutions were fully dissolved using sonication
for 2 minutes. After cooling to room temperature, diluent was
added to reach the final volume. Finally, 3.0 ml of the resulting
stock solution was transferred into separate 100-ml volumetric
flasks and diluted with diluent to the appropriate volume.

Sample solution

To prepare the sample solution for organic impurities
in DM, 120 mg of DM powder (for infusion, 500 mg per
vial; for injection, 1 g per vial) was weighed into a 100 mL
volumetric flask. Subsequently, 70 mL of diluent was added to
the flask. The mixture was then placed in an ultrasonic bath and
sonicated for 20 minutes with intermittent shaking to facilitate
drug extraction from the sample matrix. After sonication, the
solution was allowed to cool to room temperature, and an
additional diluent was added to reach the final volume. The
resulting solution was thoroughly mixed.

The supernatant solution, with a concentration of
1.20 mg/mL, was used for HPLC analysis of organic-related
impurities after centrifuging the sample solution at 5000 rpm
for 5 minutes. For the assay, a further dilution of 1.0 mL of the
sample solution in 200 mL of diluent was made, resulting in a
concentration of 6.0 pg/mL.

Placebo solution

A placebo solution, intended for assessing excipient
peaks, was prepared by dissolving a finely powdered placebo (a

drug-free formulation) in 100 mL of the same diluent used for
the sample solution.

Quality by design with DoEs

The robustness of the newly developed HPLC
technique is often evaluated using either the ‘one factor
at a time (OFAT)’ approach or DoEs, which employs the
factorial design concept. In this study, a DoE was utilized
for robustness assessment to identify potential failure points
or risks. The proposed method aims to pinpoint critical
analytical attributes (CAAs) that significantly influence the
separation of closely eluting components and associated
critical quality attributes (CQAs) are evaluated based on
these CAAs.

To optimize the HPLC technique for achieving the
best separation in the shortest run time, the initially designed
method underwent further refinement using the DoE approach.
A full factorial response surface design with a Box-Behnken
design type and a quadratic model was employed using Design
Expert 13 software. The Box-Behnken design enhances
prediction accuracy in the center-factor space and is replicated
for every categorical treatment combination when categorical
elements are included.

Fifteen runs were conducted with critical analytical
attributes including buffer pH 6.2 (used in the mobile phase),
flowrate (1.0£0.2 mL/min), and column temperature (40 = 5°C).
The Box-Behnken design model was then utilized to evaluate
the retention times (RT) of DMA and DM (Table 1). Among the
15 runs, three were center points, while the remaining twelve
Were numeric runs.

Stress testing study

For the forced degradation study, various stress testing
conditions including acid, neutral, base, humidity, oxidation,
photolysis, and thermolytic stress were employed to evaluate
the stability of the drug [27-31].

For acid and alkaline stress conditions, approximately
60 mg of the drug was transferred to a 50-mL volumetric
flask and treated with 5 mL of aqueous 0.05 N hydrochloric
acid (HCI) solution at 25°C for 1 hour and 5 mL of aqueous
0.5 N sodium hydroxide solution (NaOH) at 25°C for 1 hour,
respectively. After treatment with these reagents, each sample
solution was neutralized with the respective reagents: 5 mL of
0.05 N sodium hydroxide solution for acid stress conditions
and 5 mL of 0.5 N hydrochloric acid solutions for alkali stress
conditions.

Table 1. Method variables selected for the DoE study.

Range of each parameter used in DoE

CAA QTMP CQA
Optimal level Low level High level
Buffer pH 6.2 6.0 6.4 Peak retention R1: DPA (3.82 min);
Flow rate 1.0 ml/minute 0.8 ml/minute 1.2 ml/minute time R2: DP (11.98 min);
Column temperature 40°C 35°C 45°C

CAA,; critical analytical attributes; QTMP: quality target method profile; CQA: critical quality attributes; R: response (R1: retention time of DPA, 3.82 min; R2:

retention time of DM, 11.98 min)
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Figure 2. Chromatogram of spiked sample obtained initial trials (before DoE study).
Table 2. Experiments design obtained from Box-Behnken design model.
Factor 1 Factor 2 Factor 3 Response 1 Response 2
Std. Run
A B C R1 R2
9 2 6.2 0.8 35 4.15 12.55
6 3 6.4 1.0 35 3.98 12.1
7 4 6.0 1.0 45 3.86 11.96
5 5 6.0 1.0 35 3.87 11.96
13 6 6.2 1.0 40 3.88 12.09
1 7 6.0 0.8 40 4.34 12.58
11 8 6.2 0.8 45 4.29 12.58
3 9 6.0 1.2 40 3.11 10.77
10 10 6.2 1.2 35 4.08 12.04
12 11 6.2 1.2 45 2.98 10.56
8 12 6.4 1.0 45 3.12 10.66
4 13 6.4 1.2 40 3.23 11.02
14 14 6.2 1.0 40 3.65 11.76
15 15 6.2 1.0 40 3.86 11.97

(°C); R1: Retention time of DPA, 3.82 minutes; R2: Retention time of DM, 11.98 minutes;

Table 3. Fit statistics and final equations.

Variable Final equation (linear) Sequential F value Lack of fit r Adjusted Predicted Ad.efl
p value p value R R precision
R1 3.76-0.1038A-0.4250B-0.2288C+0.1100AB- <0.0030 8.74 0.1666 0.7044 0.6238 0.3800 14.6677
0.2125AC-03100BC
R2 11.80-0.1438A-0.7075B- 0.0011 11.40 0.1413 0.9233 0.6903 0.4959 13.7849
0.3612C+0.1225AB-0.3600AC-0.3775BC
R1: Retention time of DPA, 3.82 minutes; R2: Retention time of DM, 11.98 minutes.

For hydrolysis conditions (water stress, neutral), 60 mg) was taken into a 50-mL volumetric flask and treated
about 60 mg of the drug was placed into a 50-mL volumetric with 5 mL of aqueous 0.3% hydrogen peroxide solution

flask and treated with 5 mL of purified water at 25°C for 1 (H202) at 25°C for 1 hour. Subsequently, this solution was
hour. For oxidative stress conditions, the drug (approximately exposed to 60°C for 10 minutes to halt the oxidation reaction.
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Table 4. Method variables confirmed from the DoE study of DM.

Critical analytical Range of each parameter used in DoE study Points predicted (variables) from
attribute Optimal level Low level High level DoE study
A (pH) 6.2 6.0 6.4 6.1168 (6.12)
B (ml/minutes) 1.0 0.8 1.2 1.1686 (1.2)
C(°0O) 40 35 45 44.7619 (45)

A: Buffer pH; B: Flow rate (ml/minutes); C: Column oven temperature (°C).

Table 5. Post analysis results of DOE study (point prediction and confirmations) of DM.

Post analysis (point prediction Predicted mean (95% Low for mean (95% CI) High for mean (95% CI) Observed value from
and confirmation) CI) experiments
R1 (in minute) 3.7715 3.6595 3.8835 291
R2 (in minute) 11.8051 11.6252 11.9851 10.09
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Figure 3. (a) Contour plot of response 1 obtained from interactions between
pH and flow rate.
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Figure 3. (b) Contour plot of response 1 obtained from interactions between pH
and column temperature.

R1 (Rt. 3.82 min)

R1 (Rt. 3.82 min)
@ Design Points

2.03 [ 434

X1=8
X2=C

Actual Factor
A=62

C: Column temperature (40)

T
1

B: Flow rate (1.0)

Figure 3. (c) Contour plot of response 1 obtained from interactions between
flow rate and column temperature.

For thermolytic, photolytic, and humidity stress
conditions, DM samples (1 g/vial) equivalent to 240 mg for each
condition were subjected to (a) dry heat at 105°C for 24 hours in a
hot air vacuum oven, (b) photolytic conditions (ultraviolet light of
200 watt-hours per square meter and white cool fluorescence or
visible light of 1.2 million lux-hours) in a photo-stability chamber
[30-31], and (c) humidity conditions at 90% RH at 25°C for 24
hours in a humidity chamber, respectively. The stressed samples
were dissolved in a diluent (60 mg in 50 mL) to prepare the
stressed sample solutions. Subsequently, these sample solutions
were centrifuged at 5000 rpm for 5 minutes, and the supernatant
solutions were used for analysis.

All stressed samples, including those subjected to
acid, alkaline, hydrolysis, oxidative, thermolytic, photolytic,
and humidity stress conditions, were analyzed using the
proposed HPLC method to determine the amount of organic
impurities (% degradation) in DM and DMA under each stress
testing condition. The stressed samples were further diluted
with the same diluent to achieve a concentration of 6 pg/ml.
They were then analyzed against a freshly prepared working
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Figure 4. (a) Contour plot of response 2 obtained from interactions between
pH and flow rate.
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Figure 4. (b) Contour plot of response 2 obtained from interactions between pH
and column temperature.

standard (6 pg/ml), and the mass balance was evaluated by
examining the amounts of impurities and the assay of the main
substance.

RESULTS AND DISCUSSION

Summary of HPLC method development trials

The primary objective of the current research is
to establish a dependable and consistent testing method for
the separation, detection, and simultaneous quantification of
DMA, DM, and related organic impurities in formulated drug
products (powder for injection). Various experiments were
conducted across multiple trials, employing different mobile
phases, columns, and chromatographic conditions to optimize

R2 (Rt. 11.98 min)

a5

R2 (Rt. 11.98 min)
@ Design Points

1056 [N 1258

X1=8
X2=C

23

Actual Factor
A=62

4L

€ Column tem perature (40)

08 [1] 1 11 12

B: Flow rate (1.0)

Figure 4. (c) Contour plot of response 2 obtained from interactions between
flow rate and column temperature.

the methodology [27,32]. Here is a summary of all the trials
conducted.It was determined that DM exhibits a maximum
wavelength at 295 nm, following a comparison of the ultraviolet
spectra of DM and DMA obtained from the photodiode array
detector in the UV range of 200-395 nm. Consequently, the
final detection wavelength for assay and impurity testing was
selected accordingly. However, for the assessment of DMA in
drug substances and drug products, a wavelength maximum
of UV 210 nm was chosen. This decision was made because
DMA demonstrates a wavelength maximum at UV 210 nm
and provides excellent peak responses, ensuring an accurate
estimation of all contaminants.

In the initial trials, aqueous buffers such as potassium
phosphate (10 mM), phosphoric acid (0.1%), and trifluoroacetic
acid (0.1%) in water were tested as mobile phases in isocratic
elution mode, along with organic modifiers such as acetonitrile
and methanol. However, none of the peaks were sufficiently
separated under the isocratic conditions. Subsequently,
potassium phosphate buffer solution (25 mM, pH 6.2) was
selected as mobile phase A, while acetonitrile served as mobile
phase B. A gradient elution mode with the following profile
[(time (min)/%B): 0/0, 15/8, 30/28, 35/28, 40/0, and 45/0] was
employed, with a flow rate of 1.0 mL/min and an injection
volume of 20 pl.

Preliminary development trials involved testing
various analytical columns, including C8 and C18, suitable
for RP-HPLC, at different column oven temperatures ranging
from 30°C to 50°C. However, the desired separation was only
achieved using the C18 column, specifically the Inertsil ODS-
3V (250 x 4.6 mm, 5 pm) from GL Sciences, Japan, with a
column temperature set at 45°C. The Inertsil ODS-3V column,
known for its high carbon loading, proved instrumental in
separating closely eluting peak pairs within the selected pH
range of 6.0-6.4.

The drug was diluted and extracted using a mixture
of 90:10 (v/v) acetonitrile and a buffer solution with a pH
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Table 6. Results of forced degradation study obtained from DM samples.

Stress condition % Degradation % Assay Mass balance Unknown impurities formed
Acid hydrolysis (0.05N 10.08 87.52 97.6 RRT: 0.21 (0.73%); 0.82 (5.03%) 1.28 (0.44%); 1.58 (3.34%);
HC1/25°C/1 hour) 2.34 (0.19%)
Alkali hydrolysis (0.5N 9.47 88.83 98.3 RRT: 0.07 (0.14%); 0.09 (8.37%); 0.15 (0.830%)
HCI1/25°C/1 hour)
Hydrolysis (water/25°C/2 3.91 94.39 98.3 DMA, RRT: 2.93 (0.16%); 3.55 (0.41%);
hours)
Oxidation stress (0.3% 8.78 89.32 98.1 RRT: 0.09 (0.16%); 0.12 (4.82%); 0.14 (2.33%); 0.99 (0.48%);
H202/25°C/1 hours) 1.01 (0.12%); 1.05 (0.11%); 1.37 (0.26%)
Thermolytic stress 0.18 99.32 99.5 No unknown impurity formed.
(105°C/24 hours)
Photolytic stress 0.21 99.59 99.8 No unknown impurity formed.
Humidity stress (90% 0.17 99.63 99.8 No unknown impurity formed.
RH/25°C/24 hours)
Un-stressed sample 0.17 99.63 99.8 No unknown impurity formed.

Table 7. System suitability results of DM and DMA.

Peak area

8- No. Doripenum DMA
1 19,157,377 392,137
2 19,208,128 392,501
3 19,221,288 393,356
4 19,215,753 392,142
5 19,277,764 393,179
6 19,199,046 392,205

Mean 19,213,226 392,587

%RSD 0.20 0.14

of 6.2. Initially, an injection volume of 10 ul was chosen for
preliminary analysis. However, suitable peak responses could
not be achieved at this volume. Therefore, an injection volume
of 20 pl was eventually selected for the measurement of the
assay and all organic-related impurities of DM, followed by
DMA (Fig. 2).

Statistical analysis of DoE study

The DMA impurity was spiked onto the DM sample
solution at the specification level (0.2%, w/w) and analyzed using
the 15 runs of the Box-Behnken design [33-35]. The responses,
including the retention time of DMA and DM, obtained from the
critical peak pairs, were collected from the 15 experimental runs
and analyzed using the DoE software (Table 2).

The analysis of variance (ANOVA) results indicate
that the model is significant for all the responses, with p-values
< 0.0001. The p-values less than 0.0500 indicate that model
terms have a significant effect on responses (R1 and R2). In
this case, acetonitrile ratio (A) and column temperature (B) are
significant model terms (Table 3).

The fit summary results for response 1 (R1: Retention
time of DMA, 3.82 minutes) show that the predicted R*> and
adjusted R?> values were 0.3800 and 0.6238, respectively.
Similarly, for response 2 (R2: Retention time of DM, 11.98

min), the predicted R? and adjusted R? values were 0.4959 and
0.6903, respectively. These values indicate a close agreement
between the predicted and actual values. The difference
between the predicted and adjusted R? values is approximately
0.24. The F-values for response 1 (R1) and response 2 (R2) are
8.74 and 11.40, respectively, indicating that the selected model
is significant.

The Adeq Precision measures the signal-to-noise
(S/N) ratio, with values of 14.6677 for R1 and 13.7849 for R2,
suggesting an adequate signal for providing information on
the design space. Point prediction analysis confirmed that the
optimum conditions (two-sided, 95% confidence interval) are a
retention time of 3.7715 minutes for DMA and 11.8051 minutes
for DM (Tables 3-5).

To cross-verify the point prediction values, the spiked
sample solution was analyzed using the derived conditions of
Box-Behnken (i.e., buffer pH 6.12, flow rate 1.20 ml/min, and
column temperature 45°C). The experimental results for R1 and
R2 were found to be 2.91 and 10.09, respectively, indicating
good agreement with the predicted results.

The DoE approach demonstrated that the 3-factorial
design used was well-suited for exploring the interactions
between the independent factors (buffer pH, flow rate, and
column oven temperature) and dependent variables (response
factors: R1 and R2). The interaction and effects of AB (buffer
pH and flow rate) significantly influenced response R1 and
response R2 (Tables 4 and 5 and Figs. 3-7). A robust HPLC
method was developed with a run time of 30 minutes using a
gradient program of [(time (min)/%B): 0/0, 15/8, 18/28, 25/28,
27/0, and 30/0].

Results of stress testing

The stressed sample solutions of DM (concentration of
1.20 mg/ml) were analyzed using the developed HPLC method,
and the test results are summarized in Table 6. Major degradation
was observed in hydrolysis (acid, alkali, and neutral) and
oxidation stress conditions, while no significant degradation was
observed in other stress conditions (thermal stress, photolytic
stress, and humidity stress conditions) (Fig. 8).
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Table 8. Linearity results of DM and DMA Method validation

DM DMA
Level (%) (Eg/n;i) Peak area I:;:;l (Sg/nrrfl.) l;:::
0.01 0.0115 42,120 5 0.060 1,703
50 2.8819 9,489,866 10 0.120 3,410
80 4.6111 15,123,730 40 0.480 13,658
100 5.7639 18,831,794 60 0.720 21,533
120 6.9166 23,045,949 100 1.200 33,258
150 8.6458 28,680,911 150 1.800 49,887
Slope 3,319,187.4 27,633.7
Intercept —80,099.3 402.2
Correlation 0.9999 0.9994
@
% —0.4 1.2

y-Intercept

To establish their mass balance, all stressed samples
were compared to a working standard with equivalent
concentrations. The mass balance was calculated using the
assay results and degradation products. Peak purity of DM
and DMA peaks under each stress condition was assessed
using the photodiode array detector. The forced degradation
investigation demonstrated that the designed HPLC method
is stability-indicating and effectively separates closely eluting
peaks.

The developed HPLC method was verified as per the
United States Pharmacopeia [26] and ICH guidelines [25] for
system suitability, specificity, linearity, quantification limit,
precision, accuracy, solution stability, and robustness. The
validation experiment summary was discussed as follows:

System suitability

The system suitability results derived from the standard
solution containing DM and DMA are summarized in Table 7
and Fig. 9. The system suitability factors including tailing factor
(not more than 2.0), theoretical plates (not less than 2,000), and
%RSD (relative standard deviation, not more than 2.0 for DM
and not more than 5.0% for DMA) were evaluated and found to
be well within the pre-defined limits.

Specificity

The specificity of the HPLC method was assessed by
injecting the placebo solution, DMA, and diluent into the system
to detect any potential interference. The results of the specificity
study revealed no interference at the retention time of the DMA
peak, the DM peak, or any of its unknown organic impurities.

Linearity

For the organic impurities and assay testing, a series
of calibration curve solutions were prepared with DM at six
different concentrations. These concentrations ranged from
the QL to 150% of the target concentration (6 pg/ml). The
concentrations used were: 0.0115 pg/ml (QL, 0.010%), 2.8819
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Figure 6. (a) 3D surface, desirability plot (interactions between flow rate and
column temperature).
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Figure 6. (b) 3D surface, desirability plot (interactions between buffer pH and
flow rate).

pg/ml (50%), 4.6111 pg/ml (80%), 5.7639 pg/ml (100%),
6.9166 png/ml (120%), and 8.6458 pg/ml (150%).

For the content of DMA, the linearity was determined
across concentrations ranging from 5% (QL) to 150% of the
target test concentration of 1.20 pug/ml, corresponding to 0.10%.
These concentrations were: 0.060 ng/ml (QL, 5%), 0.120 pg/ml
(10%), 0.240 pg/ml (20%), 0.480 pg/ml (40%), 0.720 pg/ml
(60%), 0.960 pg/ml (80%), 1.200 pg/ml (100%), and 1.80 pg/
ml (150%).

The calibration curves for DM and DMA were
constructed by plotting the peak areas versus concentrations.
The correlation coefficient (r) obtained for both doripenem
and DMA exceeded 0.999 (R? > 0.999), indicating excellent
linearity. The slope, intercept, and %y-intercept results
derived from the calibration curves can be found in Table 8.
Visual representations of the calibration curves are provided in
Fig. 10(a) for DM and Fig. 10(b) for DMA.
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Figure 6. (c) 3D surface, desirability plot (interactions between buffer pH and
column temperature).

OL

The QL for DM and DMA were determined using the
S/N ratio approach, following the guidelines outlined in ICH
Q2(R2). The established QL concentrations were found to be
0.0115 pg/ml for DM and 0.060 pg/ml for DMA. To confirm
these QL concentrations, six replicate solutions were prepared at
the derived concentrations for precision assessments. The results
of these precision assessments are summarized in Table 9.

Precision

For assay testing, homogenous sample solutions were
prepared in six replicates at the intended test concentration
of 6.0 pg/ml and analyzed to assess the precision of the
developed method. The results of these analyses are presented
in Table 10.

To evaluate the repeatability of the developed testing
method for DMA impurity, six spiked sample solutions were
individually prepared at concentrations of 1.2 mg/ml of DM and
1.20 pg/mL of DMA (0.10%, w/w) from homogeneous samples
of the same batch of DM for injection. The precise estimation of
the DMA impurity obtained from each sample was determined,
and the highest individual impurity was recorded. The recovery
values (target range: 80.0% to 120.0%) of the DMA impurity
obtained from the six replicate sample determinations were then
calculated, along with the relative standard deviation (RSD)
which should not exceed 10.0%. These results are summarized
in Table 10.

Accuracy

For assay testing, three spiked samples were prepared
by adding the drug substance to placebo of the drug product
at three different concentrations: 50% (2.8819 pg/ml), 100%
(5.7639 pg/ml), and 150% (8.6458 pg/ml). Similarly, three
spiked samples were prepared by adding the respective impurity
to the drug product sample at three different concentration
levels: 0.05% (0.60 pg/ml), 0.10% (1.20 pg/ml), and 0.20%
(1.80 ug/ml) for the analysis of organic related impurities.
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The accuracy of these sample solutions for both
assay and impurities was assessed using the developed HPLC
method. The percent recovery values and percent %RSD of DM
and DMA were then calculated and summarized in Table 11.
The accuracy results confirm that the developed test method is
accurate and reliable.

Linearity plot of Doripenem
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Figure 10. (a) Linearity plot of DM.
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Figure 10. (b) Linearity plot of DMA.

Solution stability

The solution stability of standard and sample
solutions was assessed by storing the solutions in clear
volumetric flasks under two different conditions: room
temperature (25°C) and refrigerator conditions (2°C—8°C).
The solutions were then analyzed at different time intervals
of 24, 48, and 72 hours.

The test results demonstrated that the standard and
sample solutions remained stable at room temperature and
under refrigerator conditions for approximately 48 hours. This
indicates that the solutions can be reliably stored and used for
analysis within this time frame without significant degradation
or alteration.

Robustness

The robustness of the test method was assessed by
deliberately altering several parameters, including the flow
rate (1.2 + 0.2 ml/minutes), column temperature (45°C =+
5°C), buffer pH (6.1 + 0.2), and wavelength of the buffer
solution (210 + 2 nm; 295 £ 2 nm). The objective was to
determine if the system’s suitability remained unaffected and
if the acceptance criteria were met. The observed retention
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Table 9. QL results of doripenemic and DMA.

s DM (0.012 pg/ml) DMA (0.006 pg/ml)
Peak area Peak area

1 41,024 1,703

2 40,348 1,804

3 36,448 1,752

4 36,535 1,729

5 34,584 1,810

6 37,091 1,878
Mean 37,672 1,779
%RSD 6.62 3.59

Table 10. Precision results of doripenemic and DMA.

S. No. Assay of DM DMA (%)

1 99.0 0.1041

2 99.0 0.1060

3 99.1 0.1053

4 99.0 0.1040

5 99.0 0.1049

6 98.9 0.1051
Mean 99.0 0.1049
%RSD 0.08 0.72

Table 11. Accuracy results of doripenemic and DM acid.

DM (ug/ml) DMA
No. 50% 100% 150%  0.05% 0.10% 0.15%
(2.8819)  (5.7639)  (8.6458)  (0.60) (1.20)  (1.80)
1 100.0 99.9 99.5 970 982 975
2 100.2 99.9 99.5 99.1 975 968
3 100.2 99.9 99.5 990  97.1 96.8
Mean  100.1 99.9 99.5 984 976  97.0
%RSD  0.12 0.03 0.02 123 061 0.45

Table 12. Robustness study results of doripenemic and DM acid.

Retention time (minutes)

Name Condition
DMA Doripenum
Original condition Optimized 2.95 9.77
Change in flow 1.0 ml 3.41 10.94
rate (ml/minutes) 1.4 ml 250 8.40
Change in column 50°C 3.26 10.65
temperature (in °C) 40°C 318 10.44
Change in 208 nm 2.94 9.78
wavelength (nm) 212 nm 2.94 9.78
Change in 293 nm 2.96 9.77
wavelength (nm) 297 nm 2.96 9.77
Change in pH pH 5.9 3.06 10.24
pH 6.3 2.84 9.68

*Optimized condition: Buffer pH 6.1, flow rate 1.2 ml; column oven temperature
45°C; detection wavelength, 210 nm and 295 nm.

times of DMA and DM did not exhibit significant variation
with changes in flow rates, column temperatures, or pH
conditions. Additionally, the variability in the estimation
of impurities was within £10%, indicating that the method
is robust and capable of providing consistent and reliable
results under varying experimental conditions. The results
are summarized in Table 12.

CONCLUSION

A liquid chromatography method was developed
and validated to simultaneously determine DMA, assay, and
organic impurities of DM in pharmaceuticals, following
ICH guidelines. The method achieved efficient separation of
DM and its impurities within a 25-minute run time, without
interference. Stress testing confirmed its stability-indicating
nature. The method exhibited specificity, linearity, accuracy,
and precision, making it suitable for quality control purposes.
It was successfully applied for analyzing release and stability
samples of DM in drug substances and products, ensuring their
quality, efficacy, and safety.
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