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s probes for determining free
QS21 in liposomal adjuvant formulations to support
product safety and stability

Essie Komla,ab Cierra Rochelle,ab Adrian Carreon,ab Oscar B. Torres,†ab

Gary R. Matyas *b and Erwin G. Abucayon†*ab

Analytical method development is critical to establishing and supporting drug product quality. QS21 is

a potent adjuvant, which is currently used in several clinical vaccine trials, and is utilized as an adjuvant in

licensed vaccines against malaria, shingles and respiratory syncytial virus (RSV). Due to its toxic and

hemolytic properties as a stand-alone or free adjuvant, QS21 has been incorporated into heterogeneous

matrices containing cholesterol that serve as QS21 sinks to suppress its toxic activity. Hence, to address

the safety attribute of the QS21-based adjuvant, it is imperative to ensure the absence of free QS21 in

the drug formulation. To date, quantitative analytical methods that definitively discriminate free from

bound QS21 in liposomal adjuvant formulations are not available in the literature. In view of this, we have

developed and qualified a cell-based assay using human red blood cells (RBCs) as probes for detecting

and estimating free QS21 in liposomal formulations. This method exhibits a medium throughput, and

does not require any expensive and special instrumentation system. Qualification results showed that the

method presents good specificity for free QS21 detection, accuracy and precision, with quantitation

sensitivity in the micromolar range (lower limit of ∼25 mg mL−1), suitable for our intended purpose. The

described method was successfully used as part of the regulatory specification tests for the product

release and stability studies of Army Liposome Formulation containing QS21 (ALFQ).
Introduction

QS21 as a potent adjuvant has been established from multiple
immunology studies, involving many preclinical and clinical
studies.1–5 The chemistry of this compound has undergone
extensive structural investigation, which resulted in the devel-
opment of synthetic variants that provided insights into the
contribution and function of each structural moiety in its total
immunological proles.1,3 The potency of QS21 as an adjuvant is
evident in its presence in commercial malaria vaccine for chil-
dren (RTS,S/AS01E, also known as Mosquirix),6 a herpes zoster
vaccine for older adults (gE/AS01B, Shingrix),7 and a respiratory
syncytial virus vaccine for adults (RSVPreF3-AS01E, AREXVY).8

The majority of the commercially available QS21 has been
produced from the bark extract of the Quillaja saponaria Molina
tree, native to Chile,9–11 and recently from an aeroponic system, and
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cell cultures.12 Despite the advances of QS21 as an adjuvant, this
molecule exhibits several liabilities and limitations. QS21 extracts
contain at least four (4) isomers, which have been proven difficult
to separate by chromatography or any separation techniques.
Immunological proles collected from preclinical and clinical
studies indicated the total responses of the mixture of isomers in
adjuvant suspension, which hinders the complete understanding
of the QS21 adjuvant mechanism of action. In aqueous solution,
QS21 undergoes a pH dependent hydrolytic cleavage of the acyl
chain fragment, producing a less active hydrolytic product, QS21
HP.13 Further, standalone or free QS21 exhibits a dose-limiting
toxicity.1,3 Like other saponins, QS21 intercalates into cholesterol
of the RBCs, and its strong interactions with cholesterol result in
the formation of pores in the lipid bilayer of cell membranes,
leading to hemolysis.14,15 These complications challenge the safety
and stability of adjuvant formulations containing QS21 during
long-term storage. The described instability and hemolytic prop-
erties of free QS21 were addressed by incorporating QS21 in
immune-stimulating complexes,16 liposomal formulations,14,15,17 or
surfactant emulsions,11 which slow down its hydrolytic degrada-
tion, and eliminate its hemolytic activity.

Our laboratory at Walter Reed Army Institute of Research
(WRAIR) has developed QS21-containing liposomes called Army
Liposome Formulation with QS21 (ALFQ; Fig. 1A). This liposome
formulation that acts as a QS21 sink contains saturated
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Proposed molecular assembly of ALFQ (adapted from ref. 24). (B) Drabkin's reaction, showing the derivatization of Hgb to cyanme-
themoglobin. (C) Scheme for detecting free QS21 using hemolysis assay. Part of figure (C) was adapted from https://Biorender.com.
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phospholipids, dimyristoyl phosphatidylcholine (DMPC) and di-
myristoyl phosphatidylglycerol (DMPG), monophosphoryl lipid A
(MPLA), and cholesterol, which eliminates its hemolytic
activity.14,18,19 Vialed cGMP ALFQ contains 120 mg of QS21 (200 mg
mL−1) in 0.6 mL. This adjuvant formulation has been tested in
multiple phase 1 clinical trials for infectious diseases, most of
which are ongoing.5,20 In order to establish the safety and stability of
ALFQ, it is essential to monitor the presence of free QS21 in lipo-
somal formulations. Currently, there is no available and established
analytical method in the literature that can quantitatively discrim-
inate free from bound QS21 in liposomal drug formulations.
Hemolysis assay was crudely described in the literature to qualita-
tively determine the presence of free QS21 in the adjuvant
formulation.14,21–23 Other methods were based on liquid chroma-
tography coupled with MS, CAD and UV detection.24,25 Stand-alone
MS together with 1H and 13C NMR have also been employed to
investigate plausible fragmentation of QS21.26,27 All the described
methods suffer from the inability to determine the amount of free
QS21 in liposomal drug formulations and related products.

In the present work, we have developed a method that
utilizes RBCs as probes coupled with Drabkin's reagent (known
as the cyanmethemoglobin reagent; CMHR) for detecting and
estimating free QS21 in ALFQ suspensions (Fig. 1B and C). The
interactions of free QS21 with RBCs resulted in the release of
hemoglobin (Hgb), which was then derivatized by CMHR
forming a more stable cyanmethemoglobin (CMH), followed by
quantitative UV-vis spectroscopy (Fig. 1C).

The designedmethod was qualied following FDA Guidance for
Industry: Q2(R1) Validation of Analytical Procedures. Qualication
results demonstrated that themethod has good analyte specicity
and measurement sensitivity (micromolar range), accuracy, and
precision, appropriate for determining free QS21 in the liposomal
drug product. The method has been utilized for ALFQ product
release and stability studies to ensure the quality of cGMP man-
ufactured ALFQ at WRAIR for use in clinical studies.
Experimental
Chemicals and reagents

Drabkin's reagent also referred to as cyanmethemoglobin
reagent (CMHR), Triton X-100 (Tx-100), lyophilized human
This journal is © The Royal Society of Chemistry 2025
hemoglobin, and sodium phosphate dibasic were purchased
from Sigma-Aldrich (Saint Louis, MO). Sodium phosphate
monobasic and sodium chloride were purchased from Fisher
Scientic (Rockford, IL). Dulbecco's modied phosphate buff-
ered saline (1× DPBS without Ca2+, Mg2+) was purchased from
Quality Biological (Gaithersburg, MD). Human blood samples
were purchased from Research Blood Component, LLC
(Watertown, MA) and were classied as non-human subject
research by the Walter Reed Army Institute of Research Insti-
tutional Review Board, Division of Human Subjects.

Dimyristoyl phosphatidylcholine (DMPC), dimyristoyl phos-
phatidylglycerol (DMPG), synthetic MPLA (3D-PHAD), and
cholesterol (plant derived) for liposomal preparation were
purchased from Avanti Polar Lipids LLC (Alabaster AL). QS21
(cGMP-grade) was purchased from Desert King International
(San Diego, CA).

Preparation of reagents

ALFQ was prepared as previously described.28–30 CMHR stock
solution was prepared by reconstituting the commercial CMHR
vial with 1000 mL of deionized water. This solution was stored
at room temperature and protected from light using aluminum
foil for 6 months. Sodium phosphate buffered saline (SPBS;
pH = 6.2) was prepared by dissolving 53.36 mM sodium phos-
phate monobasic, 13.34 mM sodium phosphate dibasic, and
87.3 mM sodium chloride in 500 mL of deionized water, and
was sterile ltered using a 0.22 mm Corning Filter System
(Corning, AZ). 1% Triton X-100 (Tx-100) was prepared by
dissolving 1 g of Tx-100 in 100 mL SPBS. This solution was
stirred on a hot plate at 30 °C until completely dissolved. Tx-100
was stored at 4 °C for up to two weeks.

Preparation of standard solutions

A standard Hgb stock solution of 32 mg mL−1 in SPBS was
freshly prepared for each experiment. From this stock solution,
Hgb calibration standards were prepared by series of dilutions
to generate nal concentrations of 16.0, 12.0, 8.0, 6.0, 4.0, 2.0,
1.0, and 0.5 mg mL−1. Hgb solutions were briey vortexed for
30 s followed by ultrasonication in a water bath for 5–10 min at
room temperature. 100 mL of each Hgb calibration standard was
added in triplicate to a 96-well UV transparent plate containing
Anal. Methods, 2025, 17, 9162–9170 | 9163
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100 mL of CMHR. The plate was sealed using an adhesive lm
for microplates, and gently mixed on an orbital shaker for
15min in the dark. Thesemixtures were then incubated at room
temperature for 45 min in the dark, prior to absorbance reading
of the resulting cyanmethemoglobin at 540 nm.

Sample matrix evaluation

The sample matrix was evaluated using various test samples in
SPBS as described. Four (4) test samples were prepared in
separate microfuge tubes, to which were added 1 mL of 7 mg
mL−1 Hgb (tube 1), 1 mL of 7 mg mL−1 Hgb (tube 2), 1 mL of
7 mg mL−1 Hgb with ALFQ containing 100 mg mL−1 QS21 (tube
3), and 1 mL of 7 mg mL−1 Hgb with 5 mg mL−1 (tube 4). These
mixtures were incubated in a thermomixer at 15–25 °C for
10 min at 300 rpm, followed by centrifugation at 21 130g RCF.
100 mL of the supernatant from each tube was added in tripli-
cate to a 96-well UV transparent plate. For the test sample from
tube 1, 100 mL of SPBS was added. For test samples from tubes
2–4, 100 mL of CMHR solution was added. All test samples had
a total volume of 200 mL, containing equal concentrations of
Hgb and CMHR. Negative controls were also included in the
experiment and prepared as described. SPBS and CHMR nega-
tive control samples were prepared by adding 200 mL of each
solution in separate wells in triplicate.

The plate was sealed using an adhesive lm, and gently
mixed on a plate rocker for 15 min in the absence of light. These
mixtures were then incubated at room temperature for 45 min
in the dark, prior to an absorbance scan at 440–700 nm.

Red blood cell (RBC) preparation

Fresh human blood (25 mL) samples were washed 3–5× with
25 mL 1× DPBS (without Ca2+ and Mg2+) by centrifugation at
469g RCF and 15–25 °C for 10 min to remove dead cells, plasma,
and additive solution. The RBCs were then resuspended in
25 mL 1× DPBS and quantied using a hemocytometer (dilu-
tion factor = 1 : 400). RBC samples were diluted in an appro-
priate volume of 1× DPBS to generate the desired cell
concentrations.

To determine the optimal cell concentration for the hemo-
lysis assay, 500 mL of 1% Tx-100 was added to RBC samples with
a concentration range of 1 × 104 cells mL−1 to 5 × 108

cells mL−1 in microfuge tubes. These mixtures were incubated
in a thermomixer at 15–25 °C at 300 rpm for 10 min, followed by
centrifugation at 15–25 °C and 21 130g RCF for 10 min. 100 mL
of the supernatant from each tube was added to a UV trans-
parent plate in triplicate with the addition of 100 mL CMHR to
each well. The plate was sealed and gently mixed on a plate
rocker for 15 min, followed by incubation at room temperature
for 45 min in the absence of light. The Hgb released from RBCs
was detected based on the absorbance of cyanmethemoglobin
measured at 540 nm.

Hemolysis assay

The presence of free QS21 in ALFQ was detected using the
described hemolysis assay. The schematic diagram of the
optimized analytical workow is presented in Fig. S1. Briey,
9164 | Anal. Methods, 2025, 17, 9162–9170
ALFQ containing 100 mg mL−1 QS21 was incubated with washed
human RBC (2.5 × 108 cells mL−1) for 10 min. The mixture was
then centrifuged at room temperature and 21 130g RCF for
10 min. An aliquot of the supernatant (100 mL) was added to
a UV transparent plate containing 100 mL of CMHR. The plate
was sealed and gently rocked for 15 min and le undisturbed
for an additional 45 min in the dark. The presence of any free
QS21 in ALFQ was detected by the release of Hgb from RBCs,
which was detected as cyanmethemoglobin at 540 nm, using
a UV-visible plate reader. The amount of “Hgb in test sample”
was interpolated in the measured absorbance as a function of
Hgb concentration in the standard Hgb calibration curve. In
a similar manner, the RBC hemolysis by free QS21 at 1–5 mg
mL−1 in SPBS was determined as described above. CMHR was
used as a positive control for 100% hemolysis of RBCs and was
performed in parallel. The Hgb determined from the positive
control corresponds to the “Total blood Hgb” in the donor
sample. The presence of free QS21 was detected from the
hemolysis of RBCs, which was calculated using eqn (1).

% hemolysis ¼ Hgb
�
mg mL�1� in test sample

total blood Hgb
�
mg mL�1� � 100 (1)

The % hemolytic activity was calculated to account for the
ALFQ light scattering using eqn (2). A negative percentage value
was reported as 0%.

% hemolytic activity = % hemolysis of (ALFQ + RBCs)

− % hemolysis of (ALFQ + SPBS)

− % hemolysis of (SPBS + RBCs) (2)

Method qualication

Method qualication was conducted to establish the selectivity/
specicity, linearity, precision, and accuracy of the method to
detect and semi-quantitate the presence of free QS21 in ALFQ
adjuvant formulations, following ICH quality guidelines for
validation.31

Measurement of released Hgb

System suitability. System suitability studies were conducted
to determine appropriate concentrations of Hgb in SPBS that
will be employed as QC solutions to ensure the suitability and
validity of the assay. System suitability solutions include
1.5 mg mL−1 Hgb (low conc.), 7.0 mg mL−1 Hgb (medium
conc.), and 14.0 mg mL−1 Hgb (high conc.). The overall assay
suitability was evaluated based on method precision expressed
as % relative standard deviation (RSD), and accuracy as %
recoveries of Hgb.

Specicity. Assay specicity was established based on the
absorbance of cyanmethemoglobin at 540 nm from the reaction
of Hgb with the CMHR. The following solutions such as RBCs in
SPBS, RBCs with CMHR, RBCs (supernatant only) with CMHR,
ALFQ (with 100 mg mL−1 QS21) with CMHR, ALFQ (with 100
mg mL−1 QS21) in SPBS, ALFQ (with 100 mg mL−1 QS21) with
This journal is © The Royal Society of Chemistry 2025
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RBCs, and CMHR in SPBS were utilized to establish the ability
of themethod to detect the released Hgb selectively from lysis of
RBCs, as cyanmethemoglobin at 540 nm, in the presence of
other components, matrices, and solvents.

Linearity. A wide concentration range of Hgb was explored to
determine the linear range of the calibration curve. The linearity
and linear range of the method were evaluated based on the
regression coefficient (R2 > 0.95) from 34 sets of calibration
standards with the dened concentration ranges.

Limit of detection (LOD) and limit of quantitation (LOQ).
The sensitivity of the developed method was evaluated by
determining the LOD and LOQ. These parameters were extrac-
ted from the linearity studies. LOD was established from the
standard error of the y-intercept (s) and the slope (S) of the
linear calibration curve using eqn (3). The signal-to-noise (S/N)
ratio of the LOD should be $3.

LOD ¼ 3:3s

S
(3)

The LOQ on the other hand was calculated using eqn (4). The
LOQ should exhibit a S/N $ 10. Both LOD and LOQ were
established from 34 independent sets of calibration standards.

LOQ ¼ 10s

S
(4)

Accuracy and precision. The method accuracy was estab-
lished to better understand the ability of the method to detect
Hgb released from lysis of RBCs by QS21. Three (3) Hgb
concentration levels (4.0, 8.0, and 12.0 mg mL−1) were assessed
on three (3) different days. The accuracy was established based
on % recoveries of Hgb from each independent preparation.
The precision was evaluated in terms of the reproducibility for
measuring Hgb from 9 sample preparations in three (3)
different days by the same analyst.
Fig. 2 (A) UV-vis spectra showing the specificity of the detection of
cyanmethemoglobin from the reaction of Hgb with CMHR. (B)
Dependence of % hemolysis with the concentration of free QS21 in
a quadratic relationship, with R2 ∼ 0.91 to 0.99. The colors represent
the different tested donor blood samples.
Detection of free QS21 by hemolysis

The purpose of this method was to detect free QS21 in ALFQ
adjuvant formulations using RBCs as probes. The method was
characterized by LOD and precision. Every experiment was
accompanied by system suitability solutions to ensure the val-
idity of the results during the time of the assay. Prior to actual
hemolysis study to detect free QS21, donor selection was
assessed to ensure the use of appropriate donor blood with
sensitivity of 20–60% hemolysis using 1.5 mg mL−1 free QS21.

Dynamic range and limit of detection/quantication. The
dynamic range of the method for estimating free QS21 was
explored using RBCs at different spiked QS21 concentrations
(1.0–64.0 mg mL−1). It was evaluated based on regression coef-
cients (R2 > 0.90) and reproducibility at all calibration points.
At this concentration range, % hemolytic activity as a function
of free QS21 exhibits a quadratic relationship with R2 ∼ 0.91–
0.99. LOD and LOQ were not warranted.

Accuracy and precision. The method accuracy and precision
were evaluated using lab grade ALFQ suspensions spiked with
free QS21, 5 mg mL−1 (n = 6), 10 mg mL−1 (n = 6), and 25 mg
This journal is © The Royal Society of Chemistry 2025
mL−1 (n= 6). Accuracy was established based on percentage (%)
recoveries relative to the theoretical or added amount of free
QS21. The variability of the method for estimating free QS21 in
the ALFQ suspension was expressed in terms of repeatability
from 18 samples at 3 concentration levels, expressed as % RSD.
Results and discussion
Hemolysis assay: concept

The described cell-based assay was developed to estimate the
amount of free QS21 in ALFQ vaccine adjuvant via lysis of RBCs.
As described above, the hemolytic activity of free QS21 has been
documented in vitro.9,14,15 In this method, human RBCs were
employed as probes for detecting free QS21 in adjuvant
formulations, where its interactions with RBCs resulted in lysis,
leading to the release of Hgb, which can be detected by UV-vis
spectroscopy (Fig. 1). Direct determination of Hgb by UV-
visible spectroscopy requires anaerobic conditions to avoid
oxidation of the Fe heme metal center. To avoid the instability
of the released Hgb-Fe(II), which has the propensity to undergo
oxidation to Hgb-Fe(III) under aerobic conditions, this method
involves a straightforward derivatization of Hgb with CMHR to
form a stable cyanmethemoglobin with the Fe(III) metal center
(Fig. 1B), which has a characteristic Q-band absorption at
540 nm (Fig. 2A). Derivatization of Hgb to cyanmethemoglobin
by CMHR is well known and has been employed in the deter-
mination of Hgb in biological and non-biological samples.32–34
Anal. Methods, 2025, 17, 9162–9170 | 9165
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Table 1 Determination of the ideal cell concentration for the
proposed method

Cell conc.
(cells mL−1)

Abs. at 540 nm
(mean � SD)a

Calc. Hgb conc.
(mg mL−1)

1.0 × 104 0.006 � 0.001 0.453
1.0 × 105 0.010 � 0.003 0.471
1.0 × 106 0.007 � 0.002 0.458
1.0 × 107 0.069 � 0.003 0.741
1.0 × 108 0.602 � 0.021 3.181
2.5 × 108 1.738 � 0.014 9.280
5.0 × 108 3.960 � 0.009 20.971

a Background was subtracted from each mean value. SD = standard
deviation.

Fig. 3 Representative hemolytic profile of ALFQ spiked with QS21,
highlighting the quadratic relationship of RBC % hemolytic activity with
the amounts of spiked QS21 in ALFQ. Each data point represents the
mean and standard deviation of n = 3 replicate measurements, where
a replicate is defined as an independent aliquot of the QS21
concentration.
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The amount of free QS21 in the ALFQ adjuvant formulation is
correlated with the amount of released Hgb from RBCs.

Method development
Detection of Hgb. Analytical conditions, matrices, and mode

of detection were explored to reliably quantify the released Hgb.
As shown in Fig. 2A, interaction of Hgb with CMHR resulted in
the formation of a new band at 540 nm, characteristic of
cyanmethemoglobin. Optimized conditions involve derivatiza-
tion of Hgb in SPBS to cyanmethemoglobin using CMHR, fol-
lowed by absorbance measurement at 540 nm using a UV-vis
plate reader, with a linear range of 0.5–16 mg mL−1 Hgb in
SPBS (Fig. S2). Since this method is designed to detect the
released Hgb from the lysis of RBCs by free QS21 in ALFQ
adjuvant, the effects of the sample matrix and the specicity of
the signal were evaluated. Negative controls such as buffer only
(SPBS) and CMHR only samples did not render an absorbance
at 540 nm, suggesting the specicity of this band for cyanme-
themoglobin from the interactions of Hgb and CMHR (Fig. 2A).
However, inclusion of the particulate ALFQ in the sample con-
taining only CMHR in SPBS resulted in a baseline shi (Fig. 2A),
which can be ascribed in part to the light scattering effect of
liposomes. This had an apparent inuence on the absorbance
measurement at a single wavelength (540 nm) using a plate
reader. The contribution of the liposome light scattering effect
was subtracted mathematically during the actual calculation of
hemolysis (vide infra). We introduced the concept of hemolytic
activity that can be described using eqn (2) (Experimental
section), which isolates the lysis caused by free QS21 and
removes the contribution of light scattering.

We have also explored several blood donor samples with
different concentrations of free QS21 to establish the reli-
ability of the method to determine released Hgb from RBC
samples. As shown in Fig. 2B, the amount of released Hgb and
extent of RBC hemolysis are directly proportional to the
amount of free QS21 in a quadratic relation. The hemolysis
proles of 10 donor blood samples exhibit variations of ∼10%
RSD, with R2 ranging from 0.91 to 0.99 (Fig. 2B and Table S1),
which can be ascribed in part to donor variability. To address
the variable sensitivity of blood donor samples, we have set
criteria that were used for selecting appropriate donor blood
in the assay. Those donor blood samples that exhibit hemo-
lysis in the range 20–60% at 1.5 mg mL−1 free QS21 in SPBS
(i.e., in the absence of ALFQ) will be used in the actual
hemolysis assay of ALFQ samples to determine the concen-
tration of free QS21. The data described in this work were
obtained with donors that met the criteria to ensure appro-
priate and consistent sensitivity of the assay.

Detection of free QS21 in ALFQ by RBC hemolysis. As observed,
the extent of hemolysis (%) is directly proportional to the
amount of free QS21 in a quadratic relation (Fig. 2B). Thus, in
this assay, the release of Hgb from RBC lysis in the ALFQ
adjuvant expressed as % hemolysis or % hemolytic activity is
indicative of the presence and quantitative measure of free
QS21. To this effect, RBCs as probes should have a cell density
that under 100% lysis conditions releases Hgb that is within the
dynamic range of Hgb detection (0.5–16.0 mg mL−1). Triton X-
100 (1%) and CMHR known to cause 100% RBC lysis were
9166 | Anal. Methods, 2025, 17, 9162–9170
used to lyse varying concentrations of RBCs (1 × 104 to 5 × 108

cells mL−1; Table 1) and the released Hgb was quantied as
described in the method section. A cell density of 2.5 × 108

cells mL−1 was selected as the optimal RBC concentration. The
100% lysis of this RBC density translates to an Hgb concentra-
tion of 9.28 mg mL−1 (Table 1), which is within the linear range
of the Hgb standard curve (0.5–16.0 mg mL−1; Fig. S2).

The analytical capability of the method to estimate free QS21
concentration was evaluated using the ALFQ adjuvant spiked
with increasing amounts of free QS21 (Fig. 3). The relationship
of % hemolytic activity with the estimated amounts of free QS21
in SPBS exhibits a quadratic behavior with R2 > 0.99. Hence,
from this relationship, the estimated amounts of free QS21 in
ALFQ adjuvant can be extrapolated from the measured hemo-
lytic activity of RBCs.

Method qualication for determining Hgb. The described
method for determining Hgb concentration was qualied
based on detection sensitivity (LOD/LOQ), linearity/dynamic
range, measurement accuracy and precision, following FDA
Guidance for Industry: Q2(R1) Validation of Analytical Proce-
dures.31 Initial system suitability was established to ensure
that the analytical methodology was appropriate for this
purpose, demonstrating consistency of signals with good
inter-assay reproducibility. System suitability was evaluated
This journal is © The Royal Society of Chemistry 2025
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based on the variance of the measured Hgb at nominal
concentrations of 1.5 (low), 7.0 (mid), and 14.0 (high) mg
mL−1, with % RSD of <15% (Table S2).

Selectivity/specicity. The specicity of the method for
detecting Hgb using CMHR to generate a more stable cyanme-
themoglobin was exemplied using RBCs with sample matrices
such as SPBS, particulate ALFQ, and with or without CMHR. As
shown in Table 2, free hemoglobin was only detected in samples
containing both RBCs and CMHR. The observed minor baseline
shi in samples containing ALFQ due to the light scattering of
liposomes at 540 nm resulted in artifactual % hemolysis (eqn
(1)). This contribution was corrected by calculating the %
hemolytic activity using eqn (2), which accounts for this scat-
tering effect (see the Experimental section).

Linearity/dynamic range and LOD/LOQ. The linear/dynamic
range of the described method for detecting Hgb was
observed in the range of 0.5–16.0 mg mL−1 (Fig. S2), with
regression coefficient, R2 > 0.99, and % recoveries of 80 to 120%
at each calibration point. The linear range was limited by the
saturation of UV detection beyond the upper limit of quanti-
cation of Hgb. The method limit of detection (LOD) and limit of
quantication (LOQ) were determined to be 0.413 ± 0.166 mg
mL−1 and 1.252 ± 0.504 mg mL−1, respectively. These values
were established from 34 independent assay runs, following
eqn (3) and (4) (Experimental section).
Table 2 Specificity of the detection of Hgb with CMHR, as cyanmethem

Analytec Day A540
a (mean � SD)

RBCs 1 0.028 � 0.001
2 0.044 � 0.003
3 0.005 � 0.000
4 0.024 � 0.001

CMHR 1 0.000 � 0.000
2 0.000 � 0.000
3 0.000 � 0.000
4 0.000 � 0.000

RBCs + CMHR 1 1.381 � 0.0024
2 1.310 � 0.016
3 1.321 � 0.029
4 1.183 � 0.001

RBCs (sup.) + CMHR 1 0.010 � 0.002
2 0.010 � 0.003
3 0.003 � 0.001
4 0.008 � 0.000

ALFQ + CMHR 1 0.086 � 0.006
2 0.086 � 0.008
3 0.118 � 0.010
4 0.114 � 0.008

ALFQ 1 0.170 � 0.028
2 0.111 � 0.001
3 0.196 � 0.014
4 0.220 � 0.028

ALFQ + RBCs 1 0.079 � 0.006
2 0.113 � 0.004
3 0.099 � 0.007
4 0.112 � 0.010

a Background was subtracted from each mean value. b These values are d
samples are in SPBS.

This journal is © The Royal Society of Chemistry 2025
Accuracy and precision. The accuracy and precision of the
method were established at three levels of Hgb concentrations
(4.0 mg mL−1, 8.0 mg mL−1, and 12.0 mg mL−1) in SPBS in the
presence of ALFQ to mimic the matrix of the actual hemolysis
samples. As shown in Table 3, the % recoveries were 85–115%
for 4 mg mL−1 Hgb, 89–102% for 8 mg mL−1 Hgb, and 81–97%
for 12 mg mL−1 Hgb. These ndings showed that at these
concentration levels, the observed baseline shi due to the light
scattering of particulate liposomes was not substantial enough
to inuence the accurate measurement of Hgb. Overall, the
described method exhibits good accuracy for measuring free
Hgb in the presence of particulate ALFQ. Tighter variance was
observed in the between-run variability with RSD < 7% at all
concentration levels (Table 3).

Method qualication for detecting free QS21. The described
method for detecting free QS21 in the ALFQ adjuvant via
hemolysis was qualied based on detection sensitivity (LOD/
LOQ), dynamic range, and measurement accuracy and
precision.31

Dynamic range and limit of detection/quantication. The
dynamic range of the method for detecting free QS21 was
explored and established in the range of 1.0–64 mg mL−1. At this
range, the % hemolytic activity as a function of free QS21
concentration exhibits a quadratic relationship, with R2 ∼
0.997. The LOD and LOQ were not warranted, instead the LLOQ
oglobin

Calc. Hgb conc. (mg mL−1) Hemolysis (%)

0.223 3
0.138 2
0.000 0
0.183 3
— —
— —
— —
— —
8.060 100
7.230 100
7.605 100
6.516 100
0.123 2
0.000 0
0.000 0
0.094 1
0.563 7b

0.372 5b

0.652 9b

0.673 10b

1.047 13b

0.516 7b

1.099 14b

1.251 19b

0.518 6b

0.523 7b

0.538 7b

0.661 10b

ue to the baseline shi from the light scattering effect liposomes. c All

Anal. Methods, 2025, 17, 9162–9170 | 9167
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Table 3 Accuracy and precision studies

Analyte Day A540
a (mean � SD) Calc. Hgb mean (mg mL−1) � SD % recovery % RSD

4 mg mL–1 Hgb + ALFQ 1 0.602 � 0.021 3.633 � 0.047 92 1
0.597 � 0.004 91
0.588 � 0.010 90

2 0.826 � 0.027 4.450 � 0.154 115 3
0.773 � 0.020 107
0.806 � 0.014 112

3 0.575 � 0.017 3.497 � 0.087 85 2
0.601 � 0.013 89
0.594 � 0.018 88

8 mg mL–1 Hgb + ALFQ 1 1.146 � 0.008 7.186 � 0.055 91 1
1.136 � 0.010 90
1.129 � 0.004 89

2 1.385 � 0.029 7.716 � 0.135 98 2
1.340 � 0.010 95
1.376 � 0.040 97

3 1.170 � 0.025 7.811 � 0.567 89 7
1.325 � 0.009 102
1.327 � 0.008 102

12 mg mL–1 Hgb + ALFQ 1 1.540 � 0.015 9.764 � 0.080 82 1
1.516 � 0.020 81
1.533 � 0.012 82

2 1.849 � 0.012 10.700 � 0.313 88 3
1.854 � 0.053 88
1.945 � 0.041 92

3 1.883 � 0.024 11.270 � 0.363 97 3
1.768 � 0.033 91
1.820 � 0.028 94

a Background was subtracted from each mean value.
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was considered, which shows method sensitivity in the micro-
molar range (Fig. S3).

Accuracy and precision. Laboratory grade ALFQ suspensions
with spiked QS21, 5 mg mL−1 (low; n = 6), 10 mg mL−1 (mid; n =

6) and 25 mg mL−1 (high; n = 6), were used to establish the
accuracy and precision expressed as the within-run repeatability
of the described method. Table 4 shows that at lower spiked
concentration levels (5.0 mg mL−1 and 10.0 mg mL−1), free QS21
measurements exhibit low % recoveries in the range of 20% to
59%, with % RSD > 90%. Although we expected high sensitivity
of RBC lysis by free QS21, as observed this method shows non-
quantitative recoveries at low spiked QS21 concentrations.
These observed poor accuracy and precision at very low free
QS21 concentrations are due to the combination of the ability of
ALFQ particulates to act as a sink of free QS21 and its contri-
bution to the light scattering effect, and blood donor variability.
However, excellent accuracy with % recoveries of 97% to 111%,
Table 4 Percentage (%) recoveries associated with free QS21 measurem

Samples
% hemolytic
activity (mean � SD)

Fre

Cal
(m

ALFQ (n = 6) 3.36 � 1.45 1.
ALFQ (n = 6) 7.21 � 6.02 4.
ALFQ (n = 6) 28.64 � 1.69 28.

9168 | Anal. Methods, 2025, 17, 9162–9170
and precision characterized by % RSD ∼ 6% were observed in
ALFQ samples containing 25 mg mL−1 spiked free QS21, which
is within the acceptable limit. The results from the accuracy and
precision studies showed that the described method is appli-
cable for measuring free QS21 in ALFQ samples at the lowest
nominal concentrations of ∼25 mg mL−1, characterized by %
recoveries within the acceptable limit of 100 ± 20% with good
measurement variability. The method limit of quantication,
LOQ = ∼25 mg mL−1, translates to 15 mg in 0.6 mL ALFQ
suspension. In a vialed cGMP ALFQ, the observed method LOQ
(15 mg) is only ∼12% of the total 120 mg bound QS21. In the
initial release of ALFQ, all QS21 is bound in the liposomes (i.e.,
no free QS21 detected; Table 5). However, during long-term
storage, degradation of liposomes may result in a leakage of
free QS21. This method can estimate free QS21 with a limit of
12% (15 mg) relative to the total QS21 in ALFQ, which is far
below the toxicity limit of 50 mg described in the literature.1 In
ents in ALFQ

e QS21 conc. (mg mL−1)

% recoveries
(mean � SD)

culated
ean � SD)

Theoretical
(spiked)

15 � 1.06 5.0 23.0 � 21.2
10 � 5.88 10.0 41.0 � 58.8
64 � 1.69 25.0 114 � 6.8

This journal is © The Royal Society of Chemistry 2025
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Table 5 Determination of the hemolytic activity of different batches
of ALFQ with different blood donor samples (n = 6)

Samples

% hemolytic activitya

RBC donors

1 2 3 4 5 6

ALFQ 1 + RBCs 3 0 0 1 0 0
ALFQ 2 + RBCs 4 0 0 2 1 1
ALFQ 3 + RBCs 2 0 0 2 1 2
ALFQ 4 + RBCs 1 3 1 1 0 2
ALFQ 5 + RBCs 0 0 0 0 0 0
ALFQ 6 + RBCs 0 0 0 2 0 1

a These hemolytic activities are below the LLOQ. Free QS21 is below
LOQ.
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the case of ALFQ, the presence of 50 mg free QS21 translates to
its severe degradation (i.e., 42% QS21 leakage relative to total
QS21 content) during long-term storage. This method can
detect the leakage of free QS21 far before reaching this toxicity
limit. This observation suggests the relevance of the method to
monitor free QS21 in ALFQ formulations to establish and
support product safety during stability studies.

Application for clinical trial materials. The proposedmethod
was used to release the ALFQ drug product manufactured at
WRAIR. Six (6) batches of ALFQ adjuvants were tested using 6
donor blood samples (Table 5).

The results consistently rendered virtually no hemolytic
activities across blood donors (i.e., no free QS21 detected),
suggesting consistency of the method for detecting free
QS21. In these release samples, it is difficult to quantify free
QS21, as the % hemolytic activities are below the LOQ of the
method.
Conclusions

The described cell-based assay in a plate reader platform
demonstrated promising analytical characteristics for detecting
and estimating free QS21 in the ALFQ vaccine adjuvant. The
method qualication studies showed that the designed assay
for measuring released Hgb from RBC lysis by free QS21
exhibits good specicity/selectivity, and measurement accuracy
and precision. Consequently, for the purpose of determining
free QS21 in the ALFQ adjuvant, the method exhibits good
accuracy and precision, and sensitivity in themicromolar range.
This method exhibits a medium analytical throughput suitable
for screening QS21-based adjuvant formulations, and most
importantly, does not require the use of any expensive or
complicated instrumentation system. Currently, cGMP manu-
factured ALFQ is released using a battery of tests, where the
majority of the regulatory specications focuses on physico-
chemical properties and microbial content. These tests were
complemented with the described hemolysis assay that serves
as a surrogate toxicity test during release and stability studies.
The applicability of the method spans to particulate vaccine
adjuvants containing QS21.
This journal is © The Royal Society of Chemistry 2025
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