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Abstract

The analysis of Non-Liquid Matrices (NLMs) can provide key information on many aspects in drug discovery and develop-
ment. These include but are not limited to drug uptake and distribution, engagement and modulation, and target exposure.
A thorough understanding of these aspects is fundamental to the progression of drug development. In many cases, such an
understanding can only be achieved through quantitative analysis of NLMs. Such dependence can lead to bottlenecks in the
drug development process—as the practices and regulations that govern bioanalysis of conventional liquid matrices typically
cannot be directly applied to NLMs. This paper strives to fill this crucial gap. To this end, subject matter experts from across
the industry, through the auspices of the AAPS Bioanalytical Community, have combined their collective best practices for
NLM bioanalysis in this paper. Certainly, this endeavor came with challenges, the most prominent of which also serves as the
impetus for this project, the lack of literature on NLM bioanalysis dealing with different types of NLM, analysis rigor, and
best practices to draw from. This paper aims to serve as a comprehensive set of best practices drawn from the experiences
of leading scientists across the industry—for NLM bioanalysis in drug development.

Keywords bioanalysis - biomarkers - cells - fit-for-purpose validation - lysates - non-liquid matrices - pharmacokinetics -
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Introduction

Non-liquid matrices (NLMs) encompass a diverse variety
of samples from different biological origins, such as tis-
sues, feces, cells, hair, nails, skin, bone, etc. The need to
extract analytes of interest (i.e., biomarkers or drugs) from
a solid, potentially heterogeneous matrix, distinguishes
these samples from homogeneous liquid matrices such
as serum, plasma, whole blood, etc. The scientific and
regulatory frameworks for the bioanalysis of liquid matri-
ces have been well-established for the past two decades
through many white papers, meeting/conference reports,
and global health authority guidelines (1-5). Nonetheless,
some of the common practices that are mainstays in bio-
analysis of liquid matrices cannot be automatically applied
to the above-noted NLMs without proper pre-analytical
and analytical considerations and implementation of the
best practices.

Bioanalysis of NLMs can provide key information,
including drug uptake and distribution, target engagement
and modulation, and drug exposure at target, that may not
be attainable through other approaches (6—8). Understand-
ing the drug exposure at the site of action is a major deter-
minant of the therapeutics’ success in phase II clinical
trials and their progression to phase III (9, 10). In recent
years, bioanalysis of therapeutic molecules and biomark-
ers in tissue and cell extracts have played an increasingly
important role in drug development, particularly for some
of the novel modalities targeting nucleic acids, cells, onco-
lytic viruses, and genes (11, 12). However, bioanalysis of
NLMs presents some unique challenges compared to those
encountered for liquid matrices. The challenges include
but are not limited to the complexity of the structure and
properties of the targeted tissues, heterogeneity of analyte
distribution in the sample, and potential contamination
from blood perfusion (6, 13). To address these challenges,
careful consideration is required for both pre-analytical
processes (such as sample collection and handling) and
bioanalytical processes.

Despite several relatively recent reports pertaining to
tissue bioanalysis (6—8), there are no clear recommenda-
tions on the best bioanalytical practices of NLMs relevant
to drug development (8, 14). Moreover, no regulatory
guidance has been issued on the bioanalysis of NLMs in
support of drug development, though NLM bioanalytical
data may be incorporated as supplementary materials in
regulatory submissions. Therefore, a consensus on the best
bioanalytical practices for NLMs is highly desirable.

This whitepaper is designed to fill this gap by pre-
senting a cross-industry effort to establish an overarch-
ing framework for the bioanalysis of therapeutic agents
and biomarkers in NLMs. The subsequent sections of this
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white paper summarize the authors’ recommendations
for sample collection, processing, and handling and then
propose bioanalytical workflows that can be implemented
for both small and large molecules. In addition, the main
considerations for bioanalytical method development and
characterization and how they are applied to different
types of NLMs are captured.

Pre-Analytical Considerations

The development of quantitative bioanalytical methods for
NLMSs poses unique challenges. For example, NLMs may
require specific sample collection, handling, and process-
ing procedures that differ from those for liquid matrices.
Additional logistical challenges may arise due to invasive
sample collection procedures, the need to preserve analyte
stability, and the need to ensure the suitability of the sam-
ple for the subsequent intended quantitative analysis. More
importantly, the heterogeneity of some NLMs makes it tech-
nically difficult to prepare a bulk matrix that is suitable for
the preparation of calibration standards, quality controls, and
diluent in bioanalytical methods. While several publications
describe the processing of tissues and cells, there are no
existing guidelines that cover the wide range of NLM types
(14). A summary of pre-analytical considerations for NLMs
is provided in Fig. 1.

The collection and storage of NLMs depend on the
intended assay format, physical state of the sample, and
physicochemical properties of the analyte(s) of interest.
Studies should be designed to address such pre-analytical
considerations to ensure that the NLM collection and pro-
cessing procedures are compatible with downstream quan-
titative assay formats. Generation and communication of
a detailed study design and corresponding collection and
handling procedures helps ensure consistent and interpret-
able bioanalytical data. A typical workflow for collection
and analysis considerations for NLM is depicted in Fig. 2.

Sample Collection and Handling

Sample collection and handling are the first steps in NLM
bioanalysis. Sample collection may be invasive and require
terminal procedures (in animals), biopsy, or in combination
with other surgical procedures. These procedures may occur
in clinical or vivarium environments and be performed by
personnel who are uninvolved in subsequent bioanalytical
activities. Documentation and communication of detailed
and specific instructions are therefore critical to avoid issues
such as blood contamination and analyte degradation. Typi-
cally, tissue or tumor biopsy samples are harvested from
specimens with the residual blood removed by blotting and
rinsing in an isotonic buffer. Further processing into slices
may be done by a refrigerated microtome (15). Cells may
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Fig. 1 Pre-analytical considerations

also be isolated from samples or whole blood and further
processed to enrich specific cell types such as PBMCs (16).
Once harvested, samples may be stabilized at the collec-
tion site prior to storage, typically via freezing the samples
on dry ice, snap-freezing the samples in liquid nitrogen, or
adding stabilizing buffers/reagents to the samples (17). Key
considerations for NLM sample collection and handling are
summarized below:

e The experimental design should be clearly documented
in study protocols and laboratory procedures that include
the sample numbers, site locations, storage capabilities
of enrolled clinical sites, and the role and responsibilities
of the central lab(s).

e Analyte type and any restriction or safety considerations
during collection and shipment (e.g., gene & cell therapy,
oncolytic viruses) should be clearly described.

e Heterogeneity of tumor or tissue samples and consistency
in sampling (e.g., multiple biopsies)

e Some NLMs, for example, tissue slices, may need to be
prepared and stored in multiple aliquots to address the
need for multiple analyses, analyte instability, sample
loss, or other unforeseen complications during shipment.

e The potential impact of contamination from residual
blood and neighboring tissues should be assessed.

e Specimen shipment logistics and regulatory requirements
should also be clearly documented in the study protocol
or the corresponding laboratory manual to identify and

regulatory landscape

- International, customs delays
- Analyte restrictions

- Animal product restrictions

- Cell and gene products

address potential sources of variability (e.g., domestic vs.
international, custom delays for biospecimens potentially
containing infectious agents).

Sample Processing

NLMs are often processed to isolate specific tissue regions,
enrich cell subtypes (18), or generate cell suspensions. These
are then processed to release analytes of interest from the
NLM, often by mechanical or ultrasonic processing. Chemi-
cal treatment of the NLM sample with lysis buffers/solu-
tions, detergents, or surfactants may also be employed to
release analytes from the NLM sample or to maximize ana-
lyte recovery. Less aggressive and appropriate methods (e.g.,
freeze—thaw cycling) may also be employed for specific
NLM samples. Homogenization conditions, including buff-
ers, containers, bead types, and mechanical parameters (e.g.,
total cycles), can be optimized based on the specific analyte
or NLM. Temperature control is often used to minimize heat
generation during mechanical homogenization, especially
for thermally labile or enzymatically released analytes.
The final step in sample processing involves analyte
extraction or isolation from NLM homogenates by meth-
ods analogous to those developed for liquid biometrics. For
small-molecule analytes these include dilution, protein pre-
cipitation, liquid-liquid extraction, and solid phase extrac-
tion for quantification using LC-MS/MS. For large-molecule
analytes these include dilution, immunoprecipitation, and/
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Biomarkers

Fig.2 Workflow

or enzymatic digestion in preparation for analysis by LBA
or LC-MS/MS. The analytes’ physicochemical properties
should be considered when selecting an appropriate extrac-
tion method. Surrogate matrices or a mixed matrix approach
can be adopted when the control tissue matrix is limited or
unavailable (19, 20). Examples of sample processing con-
siderations are summarized in Table I.

Sample Storage and Stability

The assessment of analyte stability associated with sample
storage, handling, and processing conditions should occur
during method development and prior to the initiation of
sample collection (14). NLMs have unique stability chal-
lenges, in that spiking into intact tissue or cellular isolates
is not easily and quantifiably achievable. It is therefore
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important to determine how NLM should be processed for
storage prior to analysis (Table II).

Stability in Tissue

Analyte stability testing in whole tissue (prior to process-
ing) is not feasible. Therefore, tissue samples must be snap-
frozen as soon as possible after harvest to minimize any
potential analyte degradation. Alternatively, tissues may be
homogenized as soon as possible after collection and then
frozen for longer-term storage if storage stability in homoge-
nate has been established. Homogenate stability can be
assessed by spiking analyte (s) of interest and storing under
defined conditions. The assessment of freeze/thaw, short-
term, and long-term stability in tissue homogenates can be
performed to evaluate stability under different conditions.
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Table| Sample Processing of Non-liquid Matrices

Sample processing steps

LC-MS (Tissues/Cells)
Small Molecule

LBA (Tissues/Cells)
Large Molecule

Large Molecule

Homogenization

Analyte stabilizing agents (e.g., protease or phosphatase inhibitors, esterase

inhibitors, preservatives, etc.)
Centrifugation (Tissue and cell debris removal)
Extraction
Protein precipitation
Solid-phase extraction (SPE)
Liquid-liquid extraction (LLE)
Immunoaffinity capture

Digestion

Direct measurement from homogenate without sample cleanup (MRD may

apply)

v v v
\/ \/ Can apply
v v Y

v v NA

v v NA

% v NA

NA case-by-case®, \/ \/

NA case-by-case

Z <

“While direct digestion followed by LC-MS/MS is commonly used, immunocapture may also be used in cases where high sensitivity is needed
(e.g., potent protein-based therapeutics with low doses and tissue exposure)

NA — Not applicable

Stability in Cell Isolates

The cell isolates can be stored as cell suspensions/pellets
or cell lysates. The cell isolates should be stored under
frozen conditions as soon as possible after collection to
minimize analyte degradation. The stability (short-term,
freeze—thaw, long-term, etc.) assessments of the analyte
in cell isolates should be performed. If cells are stored
in the form of cell lysates. stability can be measured by
spiking treatment naive cell lysates and subjecting the
preparation to different stability conditions. If cells are
stored in the form of cell suspension/pellets, the stability
may be evaluated by collecting and pooling cells from
dosed subjects and preparing aliquots of the pooled cells.
These aliquots should be analyzed at different time points
to assess their stability. For stability to be established, the
percent change in concentration compared to its initial
concentration (t=0) must be within pre-defined accept-
ance criteria.

For NLM specimens, there may be a need to estab-
lish temporary storage conditions prior to shipment that
are different from the extended storage conditions, based
on the clinical site’s capabilities (e.g., -20°C vs. -70°C).
Therefore, the details of sample storage and handling
should be clearly mentioned in the lab manual and the
respective sample stability testing should be assessed dur-
ing method development/validation to cover the antici-
pated sample handling conditions. In addition, due to the
complexity of the NLM sample, fit-for-purpose method
qualification experiments need to be designed based on a
feasible stability assessment.

Normalization of NLM Analytical Results for Specific
Matrices

For conventional liquid matrices, bioanalytical results are
typically reported as either analyte mass per matrix volume
(e.g., ng/mL) or molar concentration (e.g., uM). Similarly,
to compare NLM samples, the quantitated analyte concen-
trations need to be normalized based on the sample size. In
some cases, the NLM sample can be weighed for normali-
zation. In other cases, the analyte is normalized to another
relevant sample parameter (e.g., total protein mass). For cell
fractions and isolates (e.g., PBMCs), typically, the number
of cells in the sample is determined and results are reported
in units of analyte mass or moles per number of cells (e.g.,
1076 cells). For other types of NLMs, a variety of other
approaches can be taken for normalization, depending on
the specific matrix characteristics and the intended purpose
of the analysis.

Table III summarizes approaches for normalization across
samples and typical units used for reporting results for vari-
ous NLM samples.

Vascularity and Perfusion

Tissue vascularity can be variable within the same or dif-
ferent tissue types, and blood contamination can impact the
assessment of parameters such as accuracy, recovery, matrix
effect, and stability. Accuracy can be impacted due to dif-
ferences in analyte concentrations between blood and tissue
resulting from differences in protein binding and distribution
of the analytes in different compartments. In such cases,
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Tablell Sample Storage Considerations in Whole Tissue, Homogenates, and Cell Pellets

Cell Lysate

Cell Pellets

Homogenates

Whole Tissue

o Typically stored at -20°C or -70°C *

o Typically stored at -70°C or

e Typically stored at -20°C or -70°C *

e Snap frozen — no additive

o Cell viability does not impact the analysis

o Direct digestion LC-MS samples should -130°C (if viable cells are needed) *

e Stabilizing agents may be required (analyte

o If maintaining cell viability is important, the e Stabilizing agents may be required (analyte

avoid detergents (unless MS compatible) or

protease inhibitors
o Not influenced by detection platform (e.g.,

dependent)
e Not influenced by detection platform (e.g.,

dependent)

addition of cryoprotectants (e.g., DMSO)

is recommended. Freezing at a slower rate
(e.g., 1°C per minute, depending on cell

type) is also recommended
e For FACS sorting, maintaining cell viability

LC-MS/MS or LBA)

LC-MS/MS or LBA)
o Stabilizing agents may be needed

is needed

Storage conditions need to be evaluated

s

tissues should be fully perfused and rinsed when possible;
if this isn’t possible, the impact of blood components on the
relevant analytical assessments should be evaluated.

Tissue Heterogeneity

Tissues are inherently more heterogeneous in their composi-
tion than liquid matrices. This heterogeneity leads to differ-
ences in analyte distribution and endogenous composition
within the tissue, which can complicate the assessment of
assay parameters such as recovery, stability, matrix effects,
selectivity, and accuracy. Therefore, studies utilizing biop-
sies or punches should consider analyzing multiple sections
of biopsy or obtaining multiple punches. Detailed, and spe-
cific identification of the type, size, number, and location of
biopsies that are collected for the study should be included
in relevant documents (e.g., operations/lab manual). A nor-
mal distribution throughout tissue samples can be assumed
in many cases unless the preferential distribution is known,
and if so, each piece or part of the tissue should be assessed
individually. Another approach is collecting and pooling
multiple samples, to address concerns about heterogeneity
and to ensure a more accurate representation of the sample
when assessing certain assay parameters.

Analytical Considerations

Fit-for-purpose vs. Context-of-use Methods in NLM
Bioanalysis

Continuous assessment of safety and efficacy, a core to all
drug development programs, requires understanding the
pharmacokinetics of administered drugs and estimation of
target engagement and the PK/PD correlation.

Several recommendations have been published to facili-
tate the development and qualification/validation of bioana-
lytical methods for NLMs (6, 14). The term fit-for-purpose
(FFP) has been used within the industry for more than two
decades, starting with a similar concept initially known as
the “tiered approach” at the third Crystal City meeting (21).
The term was then expanded upon by the AAPS ligand
group publication as FFP (22, 23), indicating that respec-
tive bioanalytical methods should be validated/qualified for
the intended purpose, and the validation/qualification can
be augmented if the intended purposes require additional
assessments. This terminology (FFP) was included by the
FDA in the 2018 BMV guidance, indicating the apprecia-
tion of the concept by health authorities. Fundamentally, all
validated/qualified bioanalytical methods are fit-for-purpose
based on their defined application. From a biomarker bio-
analysis point of view, FFP is a conclusion that the level of
method validation/qualification is sufficient to support its
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Table lll Non-Liquid Matrices:

N Matrix Normalization Approaches Example Units References
Approaches for Normalization
ACFOSS Samples and Typical Cells (PBMCs, Hemocytometry (manual or automated) ~Mass/10° cells (16)
gg;:lsltgsed for Reporting 5:;1‘1 2;00‘1 Cells,  Flow cytometry Moles/10° cells (16)
Reference cell DNA Moles/cell volume (26)
Tissues and resulting Tissue Weight Mass/g of tissue (16)
homogenates Housekeeping (HK) proteins or genes Mass/mg of housekeeping (8,27, 28)
(e.g., GAPDH, b-actin, HuPo) protein
Total protein (e.g., BCA assay) Mass/mg total protein (28,29)

context of use (COU), which in turn helps define the FFP
expectations of the assessments needed for the validation/
qualification of the method. In other words, the COU deter-
mines the method rigor by defining the use of the biomarker
measurement in drug development. Since drug development
decisions are often made based upon biomarker data, the
method used to measure the biomarker(s) should be robust,
sensitive, specific, and selective to support the specific deci-
sions defined by the COU, which consists of a concise ‘Use
Statement’ containing the BEST (Biomarkers, Endpoints,
and other Tools) biomarker category and proposed use in
drug development. The BEST biomarker categories in drug
development include susceptibility/risk, diagnostic, moni-
toring, prognostic, predictive, pharmacodynamic/response,
and safety. Once a biomarker is qualified, it can be used for
the specific qualified COU in drug development programs
without the need for the FDA CDER division to re-review
the supporting information (24).

Bioanalytical methods used for the quantification of drug
concentrations in primary matrices (e.g., serum, plasma,
blood) in studies submitted for a regulatory review and
approval generally require a full validation. In contrast, bio-
analytical methods used for internal evaluation and deci-
sion making, exploratory purposes, or to generate supple-
mentary data—for example, to build a more robust model
for modeling and simulation—do not require a full valida-
tion as mandated by regulatory guidelines. In such cases,
a FFP approach may be utilized. This is further justified
by the recently adopted ICH M10 guideline which states:
“full method validation is expected for the primary matrix
intended to support regulatory submissions. Additional
matrices should be validated as necessary.”

In practice, if the intended bioanalytical method for
NLMs needs to be fully validated, although rare, in support
of regulatory submission, the current bioanalytical method
validation guideline should be followed to ensure the valid-
ity of the method (1). However, if the intended method is to
support the secondary objectives of the clinical trial, a FFP
method should be developed and qualified. The method qual-
ification might include an assessment of method accuracy
and precision, selectivity/specificity, extraction efficiency

from tissue homogenate, matrix effect/matrix factor, car-
ryover, dilution integrity, incurred sample reanalysis, and
stability, for which a set of expanded acceptance criteria can
be applied (Table IV).

NLM Bioanalysis for PK vs. Biomarkers

Further, there are differences in the approach to bioanaly-
sis of drug/metabolite(s) for PK assessment compared to
bioanalysis of biomarkers. Table IV summarizes method
development considerations for the various analysis types.
For therapeutic agents without endogenous counterparts, the
calibration standards and quality controls can be prepared in
the same NLM blank as the study samples (e.g., homogen-
ate, cell lysate, etc.) or from pre-screened alternatives (e.g.,
preparing calibration standards and QCs in plasma for the
analysis of tissue homogenate in plasma or a mixture of
plasma /tissue homogenate).

However, for biomarkers or for therapeutics agents with
endogenous counterparts, preparation of calibration stand-
ards or quality control samples in native matrix blank is not
always feasible, and therefore, a surrogate matrix (buffer,
pre-cleaned/depleted matrix) or a surrogate analyte approach
can be used to prepare standards. For QCs, depending
on the level of the endogenous analytes, the following is
recommended:

a. Low level or no endogenous analyte in NLM: controls
are prepared in NLM by spiking the analyte of interest
with at least 3 (Low, Mid and High) concentrations to
cover the analytical range.

b. High level of endogenous analyte in NLM samples: con-
trols could be prepared from samples with endogenous
analyte (endogenous QC) and evaluated in Precision
and Accuracy, Stability and Parallelism experiments.
The concentration of the endogenous QC levels can
be assigned based on inter-assay mean concentrations
calculated from Precision and Accuracy runs. Assigned
QC concentrations are used for evaluation of method
performance during post Precision and Accuracy runs
and during sample analysis.
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TableV Matrix for Analysis

Matrix for Analysis
Matrix for:
Standards

Therapeutic Agents

cell lysate)

QCs and Stability samples
cell lysate)

Prepare in same NLM (e.g., homogenate,

Prepare in same NLM (e.g., homogenate,

Biomarkers/Therapeutic Agents with Endogenous Counterpart

Depending on the endogenous levels, may need to prepare in sur-
rogate matrix (e.g., buffer)

Low-level endogenous: Same as NLM (e.g., homogenate, lysate)

High-level endogenous: High and low endogenous samples could
be used or a combination approach, with both QCs prepared
in surrogate matrix and endogenous QC plus admixing, can be
adopted;

To show stability, in cases where the distribution in NLM is consist-
ent, different aliquots of incurred samples could be stored and
analyzed at intervals

c. In addition, QCs could be prepared in surrogate matrix
or a combination approach, with both QCs prepared in
surrogate matrix and in the matrix of interest by using
endogenous QC and/or spiking on top of endogenous
QC.

d. A surrogate analyte approach can be used by using a
stable isotopically labeled version of the molecule in
mass spectrometric methods (ensure that the natural
abundance of the isotopic label does not contribute to
the quantification of the analyte).

In cases where a surrogate matrix or surrogate analyte
approach is used, care should be exercised to demonstrate
parallelism with the native matrix or analyte.

Table V provides a summary of matrices to be considered
for the analysis of NLMs.

Ultimately, reliable bioanalytical methods are critical
for bringing therapies to patients. These methods serve as
the foundation of drug development, ensuring the accuracy,
precision, and reproducibility of pharmacokinetic and phar-
macodynamic data that inform the safety and efficacy of
potential drug candidates (25).

Summary

The impetus for this whitepaper was the lack of comprehen-
sive prior literature, guidance, and regulation pertaining to
the bioanalysis of NLMs in drug development. As previously
noted, NLMs can provide scientists with information vital
to the drug development process. Importantly, it should be
noted that there are instances where such NLM bioanaly-
sis and concentration measurements are the only feasible
methods to attain such information. When one considers the
importance of NLM bioanalysis with both its unique chal-
lenges and lack of guidance and regulation, the need for a
common set of agreed-upon practices becomes abundantly
clear.

To this end, scientists from across the industry, facilitated
by the AAPS Bioanalytical Community, came together to
contribute to this paper, putting forth their best practices
for this research. In sum, we strove to do the following: 1)
establish a framework for the bioanalysis of NLMs—with
an emphasis on the sample collection, processing, and han-
dling; 2) propose workflows for the bioanalysis of small and
large molecules; 3) outline the primary considerations for
bioanalytical method development and characterization as
they pertain to a variety of NLMs; and 4) propose method
qualification/validation rigor required for PK measurements
and for biomarkers based on the context of use. To be sure,
there are still gaps to be filled. As such, future development
on this topic should include clear guidelines from health
authorities on the fit-for-purpose analysis of NLM.
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