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Analysis of Complex Pharmaceuticals by Ultrahigh-Pressure
Liquid Chromatography: Case Studies and Quality Control
Implications

By Michael W. Dong,Davy Guillarme,Szabolcs Fekete,Rozaliya Rangelova,Jody Richards,Dan Prudhomme,Nik P. Chetwyn

In this article, we present experimental results and method validation data from two analytical case
studies of complex small-molecule pharmaceuticals to illustrate the utility and potential advantages
of ultrahigh-pressure liquid chromatography (UHPLC) in high-resolution separations, particularly for
quality control purposes. The focus is on the use of UHPLC in potency assays and purity analysis of
complex drug substances and drug products using UV detection, where resolution of all analytes is
required. Finally, we discuss some potential technical issues and mitigation strategies for
conducting these high-resolution chromatographic analyses in a regulated environment.

" Ultrahigh-pressure liquid chromatography (UHPLC) instrumentation is rapidly emerging as the
- standard modern high performance liquid chromatography (HPLC) platform (1-7). Today,
_ most major manufacturers offer some type of UHPLC system with upper pressure limits of
15,000-22,000 psi (1000-1500 bar) (2). While features and configurations are diverse, all
y UHPLC systems are designed to have lower system dispersion and gradient dwell volumes
E j and increased precision performance compared to conventional HPLC systems (2,8,9). The
“benefits of UHPLC have been well reviewed (8—12). Most practitioners are attracted to this
| technology because of its capability for faster analysis with good resolution and rapid method
I\..’ —~{ development. Another significant benefit of UHPLC is its ability in high-resolution
“chromatography using long columns packed with small particles. While this aspect is
predictable from chromatographic principles, a literature search yielded few references on
this topic in pharmaceutical analysis (7-9,10-17), particularly in quality control (QC) applications

In this article, we describe results of two case studies on the analyses of complex pharmaceuticals (drug
molecules with multiple stereogenic centers and drug products from multiple active pharmaceutical ingredients
[APIs]). In each case, we describe the separation challenges, method development or improvement
strategies, final operating UHPLC conditions, and method performance and validation data. These examples
illustrate the practical implementation of UHPLC with acceptable method performance for complex
pharmaceuticals. Finally, we discuss some potential issues and implementation hurdles of UHPLC in QC
applications as well as their mitigation strategies.

Experimental

Chemical and Reagents
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ACS-grade reagents (ammonium hydroxide, phosphoric acid, formic acid, and potassium monobasic
phosphate) were obtained from J.T. Baker. Ammonium formate (99.999% purity) and formic acid (99%+) were
obtained from Aldrich Chemicals. HPLC-grade solvents (acetonitrile) were obtained from EMD Chemicals.
Purified HPLC-grade water (>18.2 MQ) was obtained from PureLab Ultra water purification systems from Elga
or from a Milli-Q water purification system from Millipore. New chemical entities and their related substances
used in the case studies were synthesized at Genentech or Gilead Sciences.

Instrumentation and Columns

The systems used in the first case study were Agilent 1290 UHPLC systems equipped with binary pumps,
autosamplers, column ovens, and photodiode array detectors and similarly equipped conventional Agilent
1200 HPLC systems. Waters Acquity UPLC systems equipped with quaternary pumps (H-Class),
autosamplers, column ovens, and photodiode-array detectors (0.5-uL cell volume, 10-mm flow cell) were used
in the second case study. Details on these systems including specifications of all corresponding modules are
available from the manufacturers' respective websites. The column and operating conditions used in each
study are identified in the captions of the figures. An HPLC method development software package (Fusion
AE) obtained from S-Matrix Corporation was used for method development and optimization in the second
case study.

The HPLC columns used included 150 mm x 2.1 mm, 1.7-um d , Waters Acquity BEH C18 and BEH Shield
RP18 columns, 150 mm x 4.6 mm, 3.0-um d , MacMod Analytical ACE-3-C18 columns, and 100 or 150 mm x
3.0 mm, 2.0-ym d , ACE Excel 2 C18 columns, also from MacMod Analytical.

Results and Discussions
Case Study 1: Achiral Analyses of a Multichiral Drug Molecule

The development of new chemical entities with high chemical and chiral purity is a regulatory expectation in
new drug development (18-20). This case study focuses on method improvements of an existing composite
HPLC assay (potency and impurities) of a drug molecule with three chiral centers. For the process
development of these multichiral molecules, numerous analytical methods capable of separating all
stereoisomers (enantiomers and diastereomers) are quickly developed to assess and control the
stereochemistry of raw materials, intermediates, and the final APIl. While chiral HPLC methods are needed for
the determination of enantiomers (20), diastereomers are the more likely process impurities for these
multichiral molecules, particularly if epimerization occurs during the synthetic process. Achiral reversed-phase
methods have the advantage to assess both the stereochemical (diastereomeric content) and overall
chemical purity of the API with high-efficiency in a single run. In many cases, these achiral methods become
the primary stability-indicating QC methods for these multichiral APIs.

The drug molecule in this first case study shown in Figure 1a has three chiral centers

and an absolute configuration of SRR. This molecule has a total of eight potential
stereoisomers including the enantiomer (RSS) and three diastereomeric pairs

(SRS/IRSR, RRRISSS, and SSR/RRS). Figure 1b shows the conventional HPLC method ¢
developed several years ago that separates the API (SRR) from the other

diastereomers (SRS and RRR) and all expected impurities (M235, M416, ketone

[M456], and M399, designated by their mass spectrometric parent ions). Only two
diastereomers (SRS and RRR) were found in the actual API synthesized via asymmetric
stereospecific processes. The third diastereomer, SSR, which is eluted between SRS

and the API, was not found above reportable levels. To maximize the resolution around Fi ,

. . . igure 1: (a) Structure of the
the API peak where most of the isomers tend to be eluted, a multisegment gradient active pharmaceutical
program is used. The main component is eluted toward the end of a shallow gradient of g‘egnrf;fi?]tgg‘etgtfjgycz‘"?g)_
15-40% mobile-phase B in 25 min (21). This shallow gradient segment is preceded by a ). comparative '
5-min gradient segment (5-15% B) to retain a hydrolytic polar degradant (M235) and is rcr:g?kfgfgﬁgﬁnsg;r?tar?rﬁnt'gz
followed by a steep 3-min purging gradient segment. This existing HPLC method, shown ap) 0.5 mg/mL) and Spikged

in Figure 1b, uses an 150 mm x 4.6 mm, 3.0-ym d , ACE-3-C18 column and has a run impurities analyzed using
. . . . identical mobile phases on an
time of 42 min. This conventional HPLC method was used successfully for release Agilent 1290 binary UHPLC

testing and stability studies during phase 1 of clinical development. system by various methods:
(b) regulatory HPLC, (c) fast



HPLC, (d) UHPLC, and (e)
high-resolution-UHPLC. Run
time, operating pressure,
column, plate count, and
resolution values of the
diastereomers are shown in
the figure insets. HPLC
conditions: (b) regulatory
HPLC method: mobile-phase
A: 20 mM ammonium formate
at pH 3.7, mobile-phase B:
0.05% formic acid in
acetonitrile; flow rate: 1.0

With the advent of UHPLC equipment and the availability of a 2-um version of the ACE-
3-C18 bonded phase material, we saw an opportunity to improve method performance
for higher speed or resolution. Results are documented in Figures 1c, 1d, and 1e with
run time, operating pressure, column details, plate count, and resolution values of the
diastereomers shown in the insets. Note that all plate counts (N) reported were
measured and reported by the column manufacturers under isocratic conditions. These
isocratic plate numbers are included here as reference parameters for column
efficiency. It should be noted that the actual peak resolutions obtained under gradient
conditions are dependent on N as well as selectivity factors (column or mobile phase)

and operating parameters (for example, flow rate, gradient time [t g], gradient range, ?r'ag“:;“m"’:‘f’_ﬂ;% gradent |
and column temperature) (4,5). Peak capacity, a more useful parameter for comparing 15-40% B in 25 min, 40—
performance in gradient analysis (5,15), was not measured or reported here because 0% B in 10 min, 0% 8 in 3

. . . min, 90-5% B in 0.1 min;
single linear gradients were not used. detection: 280 nm; injection

volume =10 pL. (c) Fast

. . . . HPLC method: flow rate: 0.8
Here is the sequence of method improvement steps performed in our study. First, we | jmin at 40 °c: gﬁadient

developed a faster (run time = 17 min), but equivalent HPLC method using a 100 mm x program: 5-15% B in 2 min,

3.0 mm, 2-ym d , ACE-2-C18 column, shown in Figure 1c. A column internal diameter ofggy, 8 s min 805 & 2

3.0 mm was selected versus 2.1 mm because it has ~10% higher efficiency (isocratic =~ min, 90-5% B in 0.1 min;
column plate count, N = 19,700 versus 17,000 plates) and is less susceptible to O T . ) o
extracolumn band broadening effects. Identical mobile phases and gradient segments ofmL/min at 40 °C; gradient
the original HPLC method were used with a more optimum flow rate (0.8 mL/min). We ~ §29a0r S 15% B n & min.
were able to use this faster 17-min method successfully for all non-good manufacturing 9Q%§0in5§/ngnihgoo?,n?ir:p 2
practices (GMP) studies for phase 2 of clinical formulation development. E}g:tion VFE*‘meJHEL“é' €
igh-resolution-
Second, we increased resolution by using the longer (150 mm) ACE-2-C18 column. method: flow rate: 0.8 mL/min
. . . . . at 40 °C; gradient program:
Results are shown in Figure 1d (using one column) and Figure 1e (using two coupled 5 159 Bin 2 min, 15-40% B
columns) with analysis times of 27 and 53 min, and operating pressures of 500 and 820 in 36 min, 40-90%Bin6
bar, respectively. As expected, these UHPLC methods display significantly higher B O i rloation volorme
resolution particularly in the API region of the chromatogram because of higher column = 10 uL. (f) High-resolution-
efficiencies and appropriate operating conditions (f g scale to column length). ResolutionUHPLC chromatogram of an

early APl lot used for
values (R g, 50 peak width) are increased substantially for SRS/SRR (API) from 2.01 toxicological assessment
(from the original HPLC method, Figure 1b) to 2.54 (Figure 1d) and 2.78 (Figure 1€),  sample preparation
procedure for the API:
respectively. Figure 1f shows the chromatogram and the impurity profile of an APl Iot  mL volumetric flask with
used in an early toxicological evaluation. This API lot contains many impurity peaks as is mobile-phase A.
geometrical scaling approach (22,23) was not used here as our goal was to demonstrate improved resolution
of all expected impurities in the shortest time for routine testing.

using conditions in Figure 1e.
respectively. Similarly, R ¢ SRR/RRR values are increased from 3.06 to 3.27 and 3.74, pr _
dissolve 25 mg of API in 50-
typical for early-phase development lots used for toxicological assessments. Note that the traditional
MMethod performance data for repeated injections using UHPLC conditions in
——{Figure 1e are shown in Table |, indicating excellent precision (relative
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= specificity (separation of all expected impurities including diastereomers),
sensitivity (limit of quantitation of 0.03%), and linearity performance

= | = |(coefficient of linear correlation, R = 1.000 for levels of 50—150% for the API).
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Table I: Method performance summary for
high-resolution UHPLC analysis shown in

Figure 1e

applications.

Lessons learned in this case study were as follows:

« Achiral reversed-phase liquid chromatography (LC) methods are useful to assess diastereomeric and
chemical purity of molecules with multiple chiral centers in a single run. Furthermore, a multisegment
gradient with a shallow middle segment can be used to maximize resolution around the API peak where
isomers tend to be eluted.

» The use of long or coupled columns packed with small particles and relatively long ¢t g yields improved
resolution of the sample in general and the diastereomers in particular. The use of a 3.0-mm i.d.



column versus the 2.1-mm i.d. counterparts appears to be preferable for QC applications because of
higher column efficiency and easier transition for users familiar with the operation of 4.6-mm i.d.
columns (2-5).

» Excellent method performance data (precision, specificity, sensitivity, and linearity) were demonstrated
for this high-resolution UHPLC separation, indicating that UHPLC is compatible with QC analysis of
complex pharmaceuticals.

Case Study 2: High-Resolution Stability-Indicating Assay of a Combination Drug Product with
Multiple APIs

The second case study shows the results of UHPLC method development

efforts for a combination drug product (Stribild oral tablet for the human

immunodeficiency virus [HIV] treatment) containing four APIs (elvitegrauvir,

cobicistat, emtricitabine, and tenofovir disoproxil fumarate). Combination

products are becoming increasingly popular for many therapeutic areas and

for generic products. Since each API can have its own set of impurities and

degradants, the use of HPLC with small-particle columns offers a clear Figure 2: High-resolution UHPLC
advantage in providing adequate resolution of all these related substances in chromatograms of the retention time marker

) : lution containing the four APIs (labeled 1
complex drug products. Figure 2 shows the chromatogram of the final UHPLC 5 4) present i the Stribid oral s (abeled

method of a mixture of the four APIs spiked with their respective set of their "spiked” fespective mpurities (labeled
impurities (at 0.05-2% levels in a retention marker solution), totaling more "A"'Pl)_eTheJ foeusg%s,;°;rg”;Iviteg'{afveiipec ve
than 60 components. cobicistat, emtricitabine, and tenofovir

disoproxil fumarate. UHPLC column: 150

. ;" . . mm % 2.1 mm, 1.7-uym Waters Acquit
I =—"The final UHPLC method conditions were derived from an earlier shieid RP18: mobif;-phase A pﬂ 6%

specific, yet nonrobust method. The initial method was developed buffer; mobile-phase B: acetonitrile; flow
iy . rate: 0.34 mL/min at 30 °C; gradient

by the traditional, one factor at a time approach (4-6) over a 6- | o5ram: an optimized five-segment

month period. The elements contributing to the nonrobustness of gradient program; detection: 240 nm.

the initial method were identified as the complex mobile phases (mobile-phase A = buffer at pH 6.0

spiked with formic acid; mobile-phase B = a mixture of acetonitrile, tetrahydrofuran, and mobile-

phase A), and a complicated 10-segment gradient profile including a steep segment followed by a

long, almost isocratic hold. This initial method suffered from high variability of retention times for

several peaks sensitive to pH and gradient conditions. To eliminate this method robustness issue,
Table I it was deemed necessary to redevelop the method using simpler mobile phases and with an

Summary of Optimized pH, and a less complex gradient profile.
method

reotonce  This challenging method redevelopment process occurred during

citeria and  phase 3 drug product development and involved the selection of =
results simpler mobile phases (buffer at pH 6.2 as mobile-phase A and -
acetonitrile as mobile-phase B) and a systematic method optimization process [= O o o .
facilitated by a design of experiments (DoE) automation software (2,25). The B
software allowed a detailed exploration of the multivariate design space and LT i 80 ' '
controlling factors in two separate DoE studies (flow rate [0.2-0.45 mL/min], pH [=: -
of mobile phase A [6.2 £ 0.4 pH units], total gradient time [30 £ 10 min], and s e
column temperature [300 °C £ 100 °C] as well as the slopes of the gradient
segments). The results of these systematic experiments provided a better T';b'le = Su  meth: T
. .. . . : ry of method validation
understanding of these factors and the maximization of resolution of several acceptance criteria and results
critical pairs in this complex mixture. The resulting UHPLC method was (continued...)
successfully validated according to the International Conference on Harmonisation (ICH) guideline (26), and is
used routinely by QC for release testing and stability studies. A summary of method validation acceptance
criteria and results are shown in Table Il. The validation data for the 14 expected degradation products, each
at a low level, are included in the method validation summary. Process related impurities are controlled in the
APls, and are not typically reported (only monitored) using drug product methods as per ICH guidelines (19).
These data indicated that the UHPLC method is suitable for its intended use — the analysis of this complex
drug product with multiple APls.

HIETETETETEE T R

Lessons learned from this method re-development case study were as follows:

» The use of simpler mobile phases, with a more optimum pH and gradient profile in the final UHPLC



method was found to improve method performance, robustness, and transferability.

» The use of automated DoE software expedited the method optimization process and allowed the
selection of the final conditions in a relatively short time (~2 weeks).

« The final high-resolution UHPLC method for this complex combination drug product was successfully
validated and found to be robust for routine QC testing with UHPLC equipment of the same brand and
configuration.

Potential Issues of UHPLC for Regulated Pharmaceutical Analysis

Potential issues of UHPLC in pharmaceutical analysis have been reviewed (8,9,27). Many have been
mitigated by improved equipment design (that is, peak area imprecision) or judicious selection of system
configurations (for example, larger mixer to improve mobile phase blending) (8,27). The effects of viscous
heating caused by operating a sub-2-um column under high pressure are generally well understood
(22,28,29). The deleterious effect on column efficiencies by radial thermal gradient effects do not appear to be
significant under adiabatic conditions in still air column ovens (<10%). However, axial heating can increase the
temperatures at column outlet ends by as much as 20 °C, causing lower retention times and potential
selectivity changes. These effects may be problematic for UHPLC method transfer, particularly across
different system platforms. In general, method transfer of high-resolution analytical methods can be
particularly challenging because of differences between columns (lot-to-lot variation) and system
configurations (dwell volumes, design of column oven, and pump or autosampler design) (9), even when
equipment from the same vendor is used (22,28).

Another consideration is the lack of control of UHPLC systems by the existing chromatography data system
(CDS), as the time lag can be substantial if the UHPLC and the CDS are from different vendors (for example,
>12 months in one case for a common CDS). In addition, significant training may be required for operators to
become familiar with new UHPLC technologies and operating nuances in dealing with the smaller columns
and high pressures. Nevertheless, the ability to accurately analyze very complex samples, an unmet need for
conventional HPLC, does provide a welcomed benefit for UHPLC in pharmaceutical analysis.

Concluding Remarks

While HPLC is currently meeting most of the needs in regulatory testing of pharmaceutical samples, the
advent of UHPLC equipment and columns provides a unique opportunity for more satisfactory analyses of
complex pharmaceutical samples in both research and QC applications. Case studies presented here include
the analyses of molecules with multiple chiral centers and complex drug products containing multiple active
ingredients. We demonstrated that high-resolution chromatography with excellent method performance can
be achieved in these cases using 150-mm columns packed with sub-2-um particles and run times of 30-60
min. Potential technical issues including viscous heating effects, pump blending, method transfer, and other
QC related requirements have been discussed. Most issues can be mitigated through planning and judicious
selection of system configurations or operating conditions.

The analytical scientist in pharmaceutical laboratories expends significant efforts in the development of
stability-indicating methods to support research and for QC applications. The continuing advances in UHPLC
technologies clearly offer a more satisfactory solution in the analysis of complex pharmaceuticals.
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Table I: Method performance summary for high-resolution UHPLC analysis
shown in Figure 1e

M235 AP (SRR) Ketone (M4a56)
RT Marker RT {min) Peak AreaRT (min) | Peak Area RT(min) Peak Area

Injection 1 3.065 7279 18.112 83071 23.178 351.7
Injection 2 3.067 731.2 18.105 8334.7 23.182 351.4
Injection 3 3.061 731.7 18.024 8344.2 23167 351.6
Injection 4 3.068 731.5 18.094 8348.8 23.165 351.5
Injection 5 3.063 732.2 18.094 8347.6 23.160 351.3
Mean 3.065 730.9 18.100 8336.5 23170 3515
Standard 0.003 0.495 0.005 6.434 0.008 0114
deviation

Rs5D 0.09% 0.07% 0.03% 0.08% 0.04% 0.03%
Precision of retention times and peak area was found to be <0.1% RSD for all peaks.
(Acceptance criteria for peak area precision in pharmaceutical analysis are typically
0.5-2.0% R5D.) Sensitivity: Limit of quantitation at a signal-to-noise ratio of 10 was found
to be 0.03%. Specificity: No interferences from blank; all major impurities and degradants
separated.
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Table II: Summary of method validation acceptance criteria and results

Validation Acceptance Results
E]ﬂﬂ'lil'lt CI"ItHI"IH AP1 2 APl 3
Accuracy:
Assay levels 98.0-102.0% 101.3% 99.9% 100.4% 100.1%
Low level 70-130% 86% 100% 105% 108%

Precision:




Repeatability at RSD < 2.0% 0.5% 0.3% 0.2% 0.2%
assay levels
Repeatability at
Tt R5D = 10% 0% 5% 4% 2%
Intermediate
precision =3% difference <1.6% £2.5% <2.0% 2.0%
DE‘tE‘ CtiDrl 0 o 0. [T} o
limit (DL} =0.05% 0.03% 0.03% 0.03% 0.03%
Quantitation =0.15% 0.05% 0.05% 0.05% 0.05%
limit (QL) (RSD = 10%) (4%%) (7%) (4%5) (2%)
Linearit r=0.999 r= 1000 r=1.000 r= 1000 r=1.000

y linear from QL-120% | (0.05-151%) | (0.05-152%) | (0.05-152%) | (0.05-151%3)
Range QL-120% 0.05-151% | 0.05-152% | 0.05-152% | 0.05-151%
Robustness:
Chromatographic Passes system e
conditions suitabillty criteria Passed system suitability criteria
Adsorption on Filtrate is within
55”"'.9‘_’9 ) 98.5-101.5% of 09.0-99.8% (99.4-100.2%(99.5-100.2%]99.5-100. 2%
Solution filters unfiltered standard
Sample
preparation 2% difference =0.6% =0.7% =1.6% =1.5%

No significant interfer-
ence from sample Mo significant interference from sample filters

Spacficity filters and excipients. and excipients.

Mo significant interfering

Resolution = 1.0.

components.

Resolution = 1.2.
Mo significant interference.

Solution stability:

Standard stock
and U:ka'ﬂg Ambient 2-8°C
sample . 3 days 14 days
Sensitivity stan- Report established 3 days 14 days
dard SXPITY — 22 days
System suitability — 1 month
standard
Accuracy,
repeatahility, and o | Correlation
linearity or range Aceé:ﬁriacy R?;Efit:[?}”' Llnea{r‘;‘;ange Coefficient
of degradation (r)
products:
Accuracy
Deg1 100 1 0.05-2.5 1.000
= 80-120%
Deg 2 105 1 0.05-2.4 1.000
Deg 3 Repeatability 102 2 0.10-2.5 1.000
RS0 = 10%
Deg4 96 ] 0.22-2.8 1.000
Degs Linearity a7 1 0.10-2.5 1.000
Deg 6 rz0.997 from 103 1 0.10-2.4 1.000
Deg 7 Hlse- T 18 2 0.05-2.5 1.000
Deg 8 (QL-7.5% for 102 2 0.05-2.5 1.000
Deg 9 Deg 13) a7 1 0.05-2.6 1.000
FPime 1A oo | MNE & 4 it




Loy v o £ ERTEL RS RO
Deg 11 L] 1 0.05-2.5 1.000
Deg 12 95 1 0.05-2.5 1.000
Deg 13 96 1 0.05-7.5 1.000
Deg 14 102 1 0.05-2.6 1.000

Table II: Summary of method validation acceptance criteria and results

{continued...)

DL, OL, and

relative response RSD

factor (RRF) of DL (%4) QL (%) at QL (%) RRF

degradation o

products

Deg 1 0.03 0.05 4 0.3
DL £ 0.05%

Deg 2 (DL of Deg 4 < 0.10%) 0.03 0.05 5 0.5

Deg 3 0.05 0.10 9 1.5

Deg 4 QL <015% 0.10 0.20 9 2.2

Deg 5 (OL of Deg 4 < 0.20%) 0.03 0.10 5 1.2

Deg 6 0.05 0.10 2 1.1

Deg 7 RSD < 10% at OL 0.03 0.05 9 0.8

Deg & 0.03 0.05 3 0.7

Deg 9 " 0.03 0.05 8 1.6

L=Juls]

Deg 10 P 0.03 0.05 6 17

Deg 11 0.03 0.05 4 2.1

Deg 12 0.03 0.05 3 0.4

Deg 13 0.03 0.05 2 0.6

Deg 14 0.03 0.05 3 0.9

Figure 1: (a) Structure of the active pharmaceutical ingredient with three chiral centers in case study 1. (b)—(f): Comparative chromatograms
of a retention marker solution containing an API (0.5 mg/mL) and spiked impurities analyzed using identical mobile phases on an Agilent
1290 binary UHPLC system by various methods: (b) regulatory HPLC, (c) fast HPLC, (d) UHPLC, and (e) high-resolution-UHPLC. Run time,
operating pressure, column, plate count, and resolution values of the diastereomers are shown in the figure insets. HPLC conditions: (b)
regulatory HPLC method: mobile-phase A: 20 mM ammonium formate at pH 3.7, mobile-phase B: 0.05% formic acid in acetonitrile; flow
rate: 1.0 mL/min at 30 °C; gradient program: 5-15% B in 5 min, 15-40% B in 25 min, 40-90% B in 10 min, 90% B in 3 min, 90-5% B in 0.1
min; detection: 280 nm; injection volume = 10 L. (c) Fast HPLC method: flow rate: 0.8 mL/min at 40 °C; gradient program: 5-15% B in 2
min, 15-40% B in 10 min, 40-90% B in 1 min, 90% B in 2 min, 90-5% B in 0.1 min; injection volume = 3 pL. (d) UHPLC method: flow rate:
0.8 mL/min at 40 °C; gradient program: 5-15% B in 2 min, 15-40% B in 18 min, 40-90% B in 3 min, 90% B in 2 min, 90-5% B in 0.1 min;
injection volume = 5 pL. (e) High-resolution-UHPLC method: flow rate: 0.8 mL/min at 40 °C; gradient program: 5-15% B in 2 min, 15-40% B
in 36 min, 40-90% B in 6 min, 90% B in 4 min, 90-5% B in 0.1 min; injection volume = 10 yL. (f) High-resolution-UHPLC chromatogram of
an early API lot used for toxicological assessment using conditions in Figure 1e. Sample preparation procedure for the API: dissolve 25 mg
of APl in 50-mL volumetric flask with mobile-phase A.

Table I: Method performance summary for high-resolution UHPLC analysis shown in Figure 1e

Figure 2: High-resolution UHPLC chromatograms of the retention time marker solution containing the four APIs (labeled 1 to 4) present in the
Stribild oral tablet with their "spiked" respective impurities (labeled with letter designation with their respective API). The four APIs are
elvitegravir, cobicistat, emtricitabine, and tenofovir disoproxil fumarate. UHPLC column: 150 mm x 2.1 mm, 1.7-um Waters Acquity Shield
RP18; mobile-phase A: pH 6.2 buffer; mobile-phase B: acetonitrile; flow rate: 0.34 mL/min at 30 °C; gradient program: an optimized five-
segment gradient program; detection: 240 nm.

Table Il: Summary of method validation acceptance criteria and results

Table Il: Summary of method validation acceptance criteria and results (continued...)
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