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Perspective

Introduction & historical perspective 
Clinical use of insulin has grown exponentially 
following its discovery in 1921 [1,2] and initial 
administration in man as nonpurified animal 
insulin [3]. Today, insulin and insulin analogs 
represent the standard of care for treatment of 
both Type 1 and 2 diabetes mellitus (DM) and 
comprise the largest selling category of peptide 
therapeutics with projected 2010 worldwide sales 
approaching US$15 billion. Furthermore, the 
demand for new and improved insulin thera-
peutics continues to grow due in large part to 
the global epidemic in DM with an estimate of 
438 million affected individuals by 2030 [201]. 

Historically, the first report of the detection of 
circulating insulin by immunoassay methodology 
occurred in 1956 [4]. In fact, the subsequent 1960 
publication by this same group was reported to 
be one of the most-cited articles ever published 
in the Journal of Clinical Investigation [5,6]. Today 
the topics of early insulin research and develop-
ment of the immunoassay are linked inextri-
cably as this peptide was the first analyte to be 
quantified by immunoassay and, as such, culti-
vated wide usage of radioimmunoassay (RIA) 
as a major diagnostic tool, which culminated in 
the Nobel Prize in 1977 [6–9]. In the early years, 
attention in insulin drug development focused 

on increasing the purity of extracted animal 
insulins and improving its time–action profile 
through introduction of formulation changes. 
The 1980s marked the beginning of commer-
cial production of human insulin by means of 
recombinant DNA methodology [10–12]. At about 
this same time technology for the production of 
monoclonal antibodies spurred the era of mod-
ern immunodiagnostics [13]. This culminated in 
broad application of noncompetitive ELISAs as a 
major analytical tool for routine determination 
of analytes in biological matrices [14–16]. Reports 
of monoclonal antibody-based sandwich ELISAs 
for insulin first appeared in the mid-to-late 
1980s  [17–24]. Today, commercial kits are avail-
able widely for determination of insulin by both 
RIA and ELISA. However, most commercial kits 
are intended for use in measuring endogenous 
concentrations of insulin. As such, they are typi-
cally not designed ideally for conducting insulin 
measurements to support pharmacokinetic (PK) 
assessments, particularly for good laboratory 
practice (GLP)-compliant determinations. In 
addition, the discordance in reported concentra-
tions for endogenous insulin detected by different 
commercial kits has led to creation of a working 
group for analytical standardization of insulin 
immunoassays [25–27]. Despite its long history in 
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clinical medicine, reference values for circulating 
concentrations of insulin are not readily available. 
Notwithstanding a report by Chevenne et al. [28], 
some typical insulin concentrations in different 
species are reported in Table 1. Inspection of the 
serum insulin values in Table  1 indicates the 
baseline level is about 10–15 µU/ml with slightly 
higher values in the rat.

Regulated bioanalysis of insulin and insulin 
analogs is challenging for a number of reasons. 
First, while insulin is an endogenous peptide 
that is largely conserved across species [29–31], it 
does display sequence heterogeneity, particu-
larly in rodents [30,32–34]. Second, insulin ana-
logs often display a lack of parallelism in insu-
lin immunoassays, especially when the reagent 
antibodies are produced against native human 
insulin. Third, therapeutic concentrations for 
insulin analogs are not too dissimilar from the 
endogenous serum concentrations of native 
insulin. This often necessitates measurement 
of insulin analogs concentrations in a biologi-
cal matrix that contains a similar level of native 
insulin. Lastly, insulin immunoassays are char-
acterized by the same technical challenges that 
generally impact ligand-binding assays (LBAs) 
for regulated bioanalysis, such as matrix inter-
ference due to a lack of sample cleanup prior to 
analysis [35–37].

Whereas the analytical attributes of insulin 
immunoassays have been reviewed a number of 
times, these publications are focused on clinical 
diagnostic applications for insulin as a biomarker 
and not intended for supporting PK evaluations 

in animals and man [28,38–40]. Hence, this 
perspective was written to specifically address 
the challenges inherent in regulated bioana
lysis of insulin and insulin analogs and provide 
insights into the design and application of immu-
noassays for supporting PK/toxicokinetic (TK) 
assessments. Consequently, this perspective 
indirectly addresses key bioanalytical method 
validation (BMV) differences between assays 
used for drugs (i.e., GLP bioanalysis) [41–43,202] 
and clinical biomarkers (i.e., Clinical Laboratory 
Improvement Amendments [CLIA]/Clinical 
Laboratory Standards Institute [CLSI]) [44–48]. 
For this reason, it may help to broadly com-
municate some bioanalytical points to consider 
for peptide therapeutics beyond those just for 
insulin and insulin analogs. 

Current guidelines for regulated 
bioanalysis of protein therapeutics 
Good laboratory practices for conducting regu-
lated nonclinical laboratory studies were estab-
lished in the USA in 1976 [202]. The purpose of 
these rules is to ensure the quality and integrity 
of the safety data generated during the conduct 
of the study. The GLP regulations were inten-
tionally written to be vague, defining practices 
in a broad overview, and permitting some degree 
of flexibility for implementing processes. Using 
the US FDA regulations as a template, the 
Organization for Economic Co-operation and 
Development (OECD) Principles of GLP [49] 
were developed by an Expert Group on GLP 
established in 1978.

Key Terms

Insulin analog: A 
recombinant DNA-derived 
protein that possesses a high 
degree of homology with native 
human insulin and which has 
been modified systematically to 
possess specific 
pharmacokinetic/
pharmacodynamic attributes.

Recombinant DNA: A 
sequence of nucleic acid 
consisting of introns that is 
transcribed by a host organism 
to ultimately generate a 
recombinant protein.

Endogenous 
concentration: Concentration 
of analyte that was produced by 
the host organism and is 
identical or similar to the 
biopharmaceutical of interest.

Regulated bioanalysis: 
Bioanalysis conducted to 
generate preclinical/clinical  
data to support a drug-
development program and 
usually intended for submission 
to a regulatory agency.

Heterogeneity: Consisting of 
several parts that lack uniformity.

Table 1. Reported endogenous levels of insulin in various species.

Species Matrix Model Description Insulin 
(µU/ml)

Method Ref.

Human Serum Normal 12 h fasting Newborn 3–20 Not reported [134]

Human Serum Normal 12 h fasting Adult 2-25 Not reported [135]

Human Serum Normal 12 h fasting >60 years 6–35 Not reported [212]

Human Serum/plasma Not reported Not reported 2–20 Not reported [213]

Human Serum Not reported Not reported <25 Abnova [210]

Human Not reported Normal healthy fasting Adult (n = 137) 2–25 ELISA [211]

Human Extracted serum (free insulin) Normal healthy fasting Adult (n = 15) 4.1–28.5 RIA by Phadebas [136]

Human Extracted serum (total insulin) Normal healthy fasting Adult (n = 15) 9.4–26.6 RIA by Phadebas [136]

Human Extracted serum (free insulin) Normal healthy nonfasting Adult (n = 17) 5.4–47.8 RIA by Phadebas [136]

Human Extracted serum (total insulin) Normal healthy nonfasting Adult (n = 17) 8.2–42.2 RIA by Phadebas [136]

Human Extracted serum (free insulin)  Diabetic with AIA Adult (n = 21) 0–230 RIA by Phadebas [136]

Human Extracted serum (total insulin)  Diabetic with AIA Adult (n = 21) 0–10888 RIA by Phadebas [136]

Rat Heparin plasma Sprague-Dawley nonfasting Males, 2.5–5 months (n = 8) 25.3 RIA [137]

Dog Serum Canine Mongrel (n = 6) 4.2–28.2 Not reported [138]

To convert from µU/ml to pmol/l (pM), multiply the values by 6. 
AIA: Anti-insulin antibody; RIA: Radioimmunoassay.
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The f irst American Association of 
Pharmaceutical Scientists (A APS)/FDA 
Bioanalytical Workshop was held in 1990  [42]. 
The scope of this meeting was to address impor-
tant topics related to bioanalytical method valida-
tion, with an emphasis on chromatographic–MS 
platforms. In the mid 1990s, the International 
Conference on Harmonisation of Technical 
Requirements for Registration of Pharmaceuticals 
for Human Use (ICH) published a method vali-
dation Industry Guideline  [203] and a follow-up 
Guidance [204] with nonbinding recommendations 
for US, European and Japanese investigators.

An important roundtable session was held at 
the 1998 AAPS Annual Meeting that specifi-
cally highlighted some of the unique challenges 
for application of LBAs in supporting regulated 
bioanalysis of macromolecules. This roundtable 
prompted several attending scientists to collabo-
rate in the development of a manuscript that spe-
cifically focused on the unique BMV attributes 
of LBAs [35]. In March 2000, a key AAPS/
FDA Workshop was held in Crystal City, VA, 
USA [50]. At the conclusion of this conference the 
Ligand-Binding Assay Bioanalytical Focus Group 
(LBABFG) was established within AAPS shortly 
after conclusion of the Crystal City Workshop to 
create a forum for ongoing discussions and edu-
cation. Numerous important consensus publica-
tions have since been co-authored by members 
of LBABFG for recommending best BMV prac-
tices to support regulated bioanalysis in preclini-
cal and clinical phases of drug development for 
biotherapeutics. These White Papers include LBA 
methods to support PK assessments  [42], detec-
tion and characterization of antidrug antibodies 
(ADAs) [51–53] and quantitative determination of 
novel biomarkers [45].

In 2001, the FDA issued the Guidance for 
Industry, BMV [54]. This is currently the only 
US regulatory guidance document that must be 

adhered to when validating bioanalytical meth-
ods to support human clinical pharmacology, 
bioavailability (BA) and bioequivalence (BE) 
studies requiring PK evaluation. This guid-
ance also applies to bioanalytical methods used 
for nonhuman PK/TK studies and preclinical 
studies. A revised version of this document is 
expected in the near future. In addition to the 
2001 US FDA Guidance, companies conduct-
ing studies in the USA are expected to follow 
recommendations published in conference 
reports published after 2001. Namely, the rec-
ommendations contained within the conference 
report of the third AAPS/FDA Bioanalytical 
Workshop, which was held in 2006 to “…iden-
tify, review, and evaluate the existing practices, 
White Papers and articles, and clarify the FDA 
Guidance”  [43]. Best practice documents for 
conducting bioanalytical method validation are 
in place or under consideration in several addi-
tional countries (e.g., Singapore and Brazil). The 
EMA issued a draft Guideline on Validation of 
Bioanalytical Methods in 2009 [55]. The end of 
the consultation period for public feedback was 
May 2010. 

�� Future regulations
There is currently an effort underway to har-
monize a global set of standards for BMV. Lead 
by the Global Bioanalysis Consortium [54] the 
mission statement is “…to harmonize and merge 
existing or emerging bioanalytical guidance doc-
uments to create one, unified consensus docu-
ment that can be presented to the regulatory 
bodies/health authorities in various countries”.

Structural features of human insulin  
& insulin analogs
Native human insulin is a 51-amino acid peptide 
(MW 5807.6 Da) that consists of an A-chain 
(21 amino acids) and B-chain (30 amino acids), 

Figure 1. Primary structure of native human insulin. 
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which are connected by two sets of disulfide 
bonds between amino acids A

7
–B

7
 and A

20
–B

19
, 

respectively (Figure  1). While there is some 
debate [40,55,56], the commonly accepted assigned 
potency for native insulin based on highly puri-
fied standards is 1 IU = 6.00 nmol (0.0347 mg) 
or (1 µIU/ml = 6 pM) [57–59]. All marketed insu-
lin analogs, except insulin detemir, have reported 
potencies similar to native insulin (Table 2). 

Over the past one-to-two decades, numerous 
reviews have been published focused on the design 
of new insulin analogs that possess improved PK 
and pharmacodynamic (PD) properties for treat-
ing type 1 and 2 DM [59–70]. These novel insulin 
therapeutics are classified as either rapid-acting 
(i.e., used for meal time glycemic control) or 
long-acting (i.e., used for maintenance of basal 
metabolism) (Table  2). To date, four general 
strategies have been employed successfully to 
design customized insulin therapeutics. First, in 
the early years improvements in animal-sourced 
insulin peptide included crystallization, changes 
in formulation and improved purification [71,72]. 
Second and most recently, pulmonary delivery 
of insulin has been utilized as an alternative to 
subcutaneously administered peptides to provide 
a rapid onset and time action for use at meal 
times  [73,74]. Third, a number of insulin prod-
ucts have been marketed in which their primary 
amino acid sequence was altered systematically 
to yield analogs with optimized PK/PD proper-
ties (Table 2) [59,75–84]. Finally, in one instance, 
insulin detemir, the insulin peptide was modified 
structurally by selectively appending a C

14
 fatty 

acid moiety at B
29

 to extend its time–action profile 
via binding to serum albumin [85–87]. 

Unlike a change in formulation or pulmo-
nary delivery, alteration in the primary sequence 
of insulin or the addition of a moiety (i.e., fatty 
acid) to the peptide backbone would be expected 
to alter immunoreactivity vis-à-vis native insu-
lin. This notion has been confirmed in numerous 
reports that describe decreased detection of insu-
lin analogs in various insulin immunoassays used 
to support clinical laboratory testing [88–95]. The 
inconsistency in the detectability of insulin ana-
logs is case-by-case across different commercial 
kits and a direct consequence of differences in the 
specificity of antibodies used in these commercial 
assays. In addition, despite the minor structural 
changes in some analogs, there are published 
reports of analog-specific immunoassays that lack 
crossreactivity with native insulin [96,97]. These 
publications further support the view that subtle 
changes in peptide sequence have the potential to 

alter an analog’s reactivity in conventional insulin 
immunoassays. Therefore, unless the circulating 
levels of native insulin are expected to be low (e.g., 
fasted subjects or patients with Type I DM), appli-
cation of a commercial insulin kit for supporting 
PK of an insulin analog requires that the analog 
and native insulin display comparable crossreac-
tivity [98,99]. Otherwise, the reported result can 
reflect an interpolated value consisting of multi-
ple insulin peptides (i.e., therapeutic and native) 
that possess different immunoreactivity and 
lack parallelism. An alternate approach for sup-
porting PK/TK of insulin analogs has been the 
establishment of analog-specific immunoassays 
(i.e., ones that lack crossreactivity with native 
human insulin and other insulin-related pep-
tides, such as proinsulin and proinsulin cleaved 
intermediates) [96,97].

�� Antigenic characteristics
The general antigenic features of human insulin 
have been appreciated for 50 years or more, due 
to immunogenic differences seen in patients fol-
lowing administration of insulin products that 
were derived from different species, such as por-
cine and bovine [100]. Two discrete regions on 
insulin are recognized by T cells and comprise 
major binding epitopes [101,102]. These include-
the A-chain loop (A

8
–A

10
) and the C-terminus 

of the B-chain (B
27

–B
30

) [103–107]. The A-chain 
loop comprises one of the most evolutionarily 
diverse regions in insulin across different spe-
cies [103] and is a well-known immune-dominant 
region in which substitution of a single amino 
acid was sufficient to elicit antibody formation 
in a transgenic mouse model [108]. Undoubtedly, 
this knowledge combined with the well-known 
greater incidence of anti-insulin antibody for-
mation in patients on beef insulin therapy as 
compared with pork and human insulin, is one 
factor that has prompted innovator companies 
to minimize amino acid changes to this region 
of the A-chain.

The C-terminus of the B-chain is the second 
immune-dominant region in which monoclonal 
antibodies have been capable of detecting sub-
tle changes in peptide structure, particularly 
involving the B

30
 terminal amino acid [105,107,109]. 

Bowsher and co-workers produced a polyclonal 
antiserum in guinea pigs that was specific for the 
human insulin analog, insulin lispro, in which 
the amino acids at B

28
 and B

29
 are reversed [96]. 

In an analog specific RIA, native insulin dem-
onstrated a crossreactivity of <0.05% vis-à-vis 
insulin lispro. Based on detailed crossreactivity 

Key Term

Anti-insulin antibody: Host 
antibody that is specific to 
epitopes on native insulin or 
insulin analogs.
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experiments involving structurally related pep-
tides, the authors concluded the antibody binding 
epitope was comprised of the amino acid sequence 
-X

aa
-Pro-Thr-COOH (where X

aa
 is a basic amino 

acid) at B
28

–B
30

. In addition, optimal crossreac-
tivity was only achieved when the peptide chain 
terminated at B

30
; this reinforced the impor-

tance of a free carboxyl-terminus for defining 
the antigenic reactivity of the C-terminus of the 
B-chain. Similarly, a specific monoclonal anti-
body, X14–6F34, was raised that recognizes the 
C-terminus of the B-chain of insulin aspart, an 
analog in which the proline at B28 is replaced by 
an Asp residue [104]. Thus, experiments involving 
epitope mapping of native insulin and the docu-
mented lack of human insulin crossreactivity in 
analog specific immunoassays clearly indicate 
that amino acids residues B

28
–B

30
 comprise an 

important binding epitope region in insulin. 
The C-terminus of the B-chain warrants 

special attention as an antigenic epitope for 
the design of immunoassays to support regu-
lated bioanalysis of insulin analogs. This pep-
tide region represents the predominant area 
for structural modification(s) in all marketed 
insulin products (Table 2). For this reason, use 
of antisera/antibodies that recognize this pep-
tide region should be done judicially to ensure 
method validity (i.e., comparable potency and 
parallelism). As indicated previously, the bioan-
alytical goal for method development should be 
to either identify an antiserum/antibody that 
detects the analog and native insulin compara-
bly or obtain one that recognizes the analog’s 
B-chain C-terminus region specifically with 
minimal crossreactivity from native insulin. 

In addition to binding epitopes formed by 
linear peptidyl sequences, there is good evi-
dence that insulin also possesses one or more 
conformational epitopes that are formed by 
peptide folding [103,104]. Models indicate the 
B-chain C-terminal region lies on the surface of 
insulin in close proximity to the N-terminus of 
the A-chain [110,111]. Accordingly, several groups 
of investigators have reported that some insu-
lin antibodies recognize this conformational 
epitope [103,104,111,112]. Consequently, peptide 
modifications, particularly at the C-terminus 
of the B-chain, that alter an analog’s conforma-
tion relative to native insulin have the potential 
to affect an analog’s antibody crossreactivity 
with antibodies produced against native insu-
lin. Likewise conformational differences could 
provide the basis for generation of antibodies 
specific for insulin analogs. Ta
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�� Peptide heterogeneity across species
While the primary sequence homology of insulin 
is highly conserved across most mammalian spe-
cies [29–31], differences in primary sequence have 
been known for at least five decades [32–34,113]. 
For many mammals, insulin only differs from 
the human peptide at a few residues with typi-
cal identity in the range of 92–98% [114]. Table 3 
summarizes the primary amino acid sequence 
homology across a number of species, including 
those that are used often to support PK/TK inves-
tigations of insulin and insulin analogs [116,117]. In 
contrast to other species, the insulin sequences in 
some rodent species, such as the guinea pig and 
mouse, are known to differ more and have lower 
identity relative to human insulin [32–34]. Because 
of the known primary sequence difference in 
rodent insulin, it should not be too surprising that 
repeated administration of human insulin and 
insulin analogs in rodents is capable of inducing 
generation of anti-insulin antibodies. Moreover, 
if anti-insulin antibodies reach a critical thresh-
old level, they can cause assay interference [90,115]. 
For these reasons, we recommended that anti-
insulin ADA be monitored in studies involving 
repeated administration of human insulin or 
insulin analogs in preclinical species, especially 
in rodent studies involving daily administration 
for one month or longer. If anti-insulin ADA are 
detected, strategies can be employed to minimize 
their analytical interference. The peptidyl regions 
of structural heterogeneity among different spe-
cies include the aforementioned A-chain loop 
(A

8
–A

10
) and the C-terminus of the B-chain. As 

noted, both of these regions constitute important 
binding epitopes for insulin’s antigenic recogni-
tion [103–107]. Thus, despite insulin’s conserved 
nature, antisera are often capable of detecting 
the small differences in the peptide’s primary 
sequence across different species. Consequently 
to ensure acceptable method performance for 
supporting regulated bioanalysis in nonclinical 
species, particularly rodents, careful consideration 
should be given to assay design and the relative 
extent of crossreactivity by the therapeutic insulin 
and the species native insulin. 

Immunoanalytical considerations for 
insulin & insulin analogs
�� Immunoassay design

Strategy & format
Both competitive and noncompetitive immu-
noassay formats are suitable to support regulated 
bioanalysis of human insulin and insulin analogs. 
Design of an optimized immunoanalytical 

strategy requires consideration of three catego-
ries of factors. One includes the peptide’s struc-
ture, one concerns study-specific factors and the 
last one involves the species, subject or patient 
factors. In addition, the analytical strategy for an 
insulin analog often needs to evolve over time, 
as the various factors impacting assay perform-
ance (i.e., specificity) change when the peptide 
progresses from nonclinical PK/TK evaluation 
through clinical testing. Some important fac-
tors to consider when formulating an immuno-
analytical strategy for regulated bioanalysis of 
insulin and insulin analogs are listed in Table 4. 

Antibody specificity
Antibody specificity is the critical parameter that 
governs assay specificity and ultimately dictates 
the accuracy and precision of an insulin immu-
noassay. However, immunoassays of insulin and 
insulin analogs are complicated by the presence 
of endogenous insulin and the structural differ-
ences between the therapeutic insulin and the 
native form. Thus, selection of a reagent anti-
body or antibody pairs is more complicated than 
selection simply based on affinity (i.e., sensitiv-
ity). Because of the factors listed in Table 4, some 
insulin antibodies may be well suited for use as 
reagents in certain bioanalytical circumstances 
but not others. 

As depicted in Figure 2, insulin analogs can be 
viewed at a high level as possessing two general 
types of binding epitopes, those that are unique 
to the analog (i.e., analog-specific) and oth-
ers that are common to native human insulin. 
Furthermore, it is the relative specificity of the 
reagent antibodies for these distinct types of insu-
lin antigenic epitopes that ultimately dictates the 
specificity and performance of an insulin analog 
immunoassay. While the use of commercial anti-
insulin antibodies is often appealing for use in the 
development of an analog immunoassay, because 
of convenience and avoidance of the time required 
for antibody generation, analytical issues can 
arise due to the differences in peptide structure. 
Despite subtle structural differences, what is often 
found with conventional anti-insulin antiserum is 
that the analog displays decreased potency and a 
lack of parallelism vis-à-vis native human insulin. 
Because of the presence of endogenous insulin, 
this issue can limit the utility of commercially 
available insulin antibodies for establishment of 
an immunoassay to support regulated bioanalysis 
of an analog. The same assay specificity issue also 
occurs when native insulin is administered to some 
preclinical species, such as rodents. A difference in 
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immunoreactivity between the human insulin 
drug and endogenous animal insulin results in 
undesired recovery (%RE) in experiments to 
assess method accuracy. 

To overcome the crossreactivity issue, a rea-
gent antibody strategy should be conceptual-
ized at project inception to deal with differ-
ences in immunoreactivity between the analog 
and endogenous insulin. As shown in Figure 3, 
three developmental scenarios are possible for 
establishing an insulin analog immunoassay. Of 
these options, two represent acceptable scenar-
ios. These include where the antibody is specific 
for the insulin analog, and where the analog and 
native insulin crossreact and are equipotent. The 
one scenario that is not desirable is where the 
analog and native insulin crossreact, but differ 
in potency and parallelism. Establishment of an 
analog-specific immunoassay that incorporates 

use of analog-specific antiserum/antibody yields 
an assay in which the analog is essentially treated 
as a xenobiotic drug. In this case subcutaneous 
single-dose administration of the analog results 
in a PK profile where the terminal elimination 
phase approaches zero (i.e., below the quanti-
tation limit, no baseline endogenous insulin). 
The alternate acceptable bioanalytical strategy is 
one in which the analog and endogenous insu-
lin display full crossreactivity (i.e., equipotent 
and parallel) with the reagent antibodies. In this 
case, subcutaneous single-dose administration of 
the analog results in a PK profile that possesses 
a terminal elimination phase, which approaches 
the circulating concentration of the endogenous 
insulin (e.g., often below the quantitation limit). 
Since circulating insulin levels are transient and 
change in response to fasting and food intake, 
this approach typically leads to greater inter-
subject variability in the PK terminal elimina-
tion phase. The undesired scenario is that the 
therapeutic and endogenous insulin differ in 
their immunoreactivity. Unless the endogenous 
insulin concentration is kept low (e.g., fasted 
animals or patients with Type 1 DM), it can be 
challenging to demonstrate acceptable assay per-
formance that meets current BMV expectations 
for LBAs. For example, selectivity assessments 
near the LLOQ can be particularly challenging 
due to the differences in crossreactivity.

Matrix calibration
One feature of regulated bioanalysis that makes 
insulin immunoassays particularly challenging is 
the requirement for ‘matrix-based’ calibration. In 
practice, because insulin is an endogenous pep-
tide, it is difficult to obtain insulin-free matrix 
(i.e., serum or plasma that is devoid of endogenous 

Table 4. Three categories of factors to consider in the design of an immunoanalytical strategy to support 
regulated bioanalysis of human insulin and insulin analogs.

Peptide-related factors Study-related factors Subject/patient-related factors

Any unique structural features or ADME attributes 
that provide the basis for a peptide’s novel  
PK/PD properties

Species used/structural homology between 
endogenous insulin and therapeutic insulin

Normal healthy subjects
Patients with Type 1 DM 
Patients with Type 2 DM

Type of insulin (i.e., native human, fast acting 
analog or long acting basal)

Limitations in the volume of serum/plasma 
for study test samples

Glycemic state 
(fed or fasted)

Structural homology between therapeutic insulin 
and the endogenous peptide

Route(s) of administration (i.e., sc., iv 
or pulmonary)

Previous exposure to insulin 
therapeutics 

Type and location of the therapeutic peptide’s 
structural modification(s)

Frequency, duration of dosing and time 
period over which samples are collected

Prevalence of pre-existing insulin ADA

Specificity of reagent antiserum or antibodies 
(degree of crossreactivity for native human insulin 
and analog)

Potential administration of multiple types  
of insulins (e.g., meal time and basal) with  
a study

Potential for analytical interference 
from co-administered medications

ADA: Antidrug antibody; DM: Diabetes mellitus; iv: Intravenous; PD: Pharmacodynamic; PK: Pharmacokinetic; sc.: Subcutaneous.

Key Term

Xenobiotic: A foreign 
substance that is not normally 
present in an organism.

Figure 2. Different binding epitopes present in an insulin analog.
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insulin) for preparing standard curves and vali-
dation samples. This is made more challenging 
by the fact that pharmacologic levels of insu-
lin are not too dissimilar from its endogenous 
level. While the requirement for matrix-based 
calibration does not present an issue for analog 
specific immunoassays (i.e., no crossreactivity 
from endogenous insulin), it is often problem-
atic for insulin/analog immunoassays that employ 
conventional anti-insulin antibodies. 

A number of strategic approaches can be 
potentially considered to address the issue of 
dealing with an endogenous component [35]. 
First, simple introduction of a minimal required 
dilution is often used for some biotherapeutics 
to overcome interference from endogenous 
component(s). Dilution of test samples will 
lessen interference from endogenous insulin, but 
at the same time it can compromise assay sensi-
tivity. This strategy, therefore, is not an option 
as a highly sensitive assay is required to measure 
therapeutic concentrations of insulin that are 
typically in the picomolar to nanomolar range. 
A second strategy might be to employ buffer-
based solution matrix, instead of using a biologi-
cal matrix, for preparing standard calibrators. 
This approach, while used widely in research 
and clinical diagnostic kits for measurement 
of insulin as a biomarker, is discouraged for 
regulated bioanalysis, because it can lead to 
assay bias and is not consistent with published 
GLP bioanalytical recommendations [41,202]. A 
third strategy is to deplete the matrix of insulin 
to obtain ‘insulin-free’ serum or plasma. The 
obvious goal for depletion is to treat the matrix 
to efficiently remove the endogenous insulin 
without appreciably altering the matrix so that 
it remains representative of plasma/serum. 
Another possible strategy for obtaining a lot of 
matrix that has a low endogenous insulin con-
centration (e.g., ~5 µl/ml or 30 pM) is to col-
lect the matrix from individuals or animals after 
an overnight fast. While this strategy does not 
completely deplete insulin, it is a reliable means 
for consistently obtaining a pool of matrix with 
a low insulin concentration. Even though this 
strategy can be of value for preparing quality 
control (QC) samples, it is not suitable for pre-
paring matrix calibrators as it does not com-
pletely eliminate endogenous insulin. While it 
is not practical, pharmacological suppression 
of circulating insulin is yet another strategy 
for obtaining animal plasma/serum that is low 
in endogenous insulin. As stated in the 2001 
FDA BMV guidance [202] and some publications 

for LBAs [35], it is permissible to use “alternate 
matrices of equivalent performance”. For this 
reason, we recommend the use of immunode-
pletion or charcoal treatment (with or without 
heat treatment at 56°C for ~1 h) as an effective 
means to deplete matrices of insulin and other 
endogenous peptides for preparing insulin cali-
brators [35,117]. In our experience, this depleted 
matrix is a suitable surrogate for both serum 
and EDTA plasma and provides an acceptable 
approximation of authentic ‘unaltered’ matrix 
(i.e., acceptable spike recovery and parallelism). 
In addition the use of insulin-depleted matrix 
facilitates determination of basal insulin con-
centrations, a key objective for assays employing 
conventional anti-insulin antisera, and to define 
the immunoassay’s LLOQ.

Preparation of validation & QC samples
To demonstrate acceptable immunoassay per-
formance of a surrogate matrix or alternate 
calibration matrix strategy, it is important 
to prepare the validation samples in both the 
depleted matrix (i.e., altered) and authentic 
matrix (i.e., unaltered). Because the endogenous 
insulin concentration is often greater than an 
immunoassay’s sensitivity limit, validation sam-
ples prepared in the depleted matrix are useful 
for documenting assay performance (i.e., accu-
racy and precision following spike recovery) 
at the expected LLOQ (i.e., sensitivity limit). 
In contrast, validation samples in authentic 
matrix are needed during prestudy validation 

Figure 3. Immunoanalytical strategic options for design of an insulin 
analog assay.
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to demonstrate suitable accuracy (mean bias, 
%RE) and method precision (intra- and inter-
assay, %CV) within the immunoassay’s antici-
pated validated range. Furthermore due to the 
presence of endogenous peptide, we recommend 
that the set of validation samples (LOQ, MOQ, 
HOQ and ULOQ levels) also include one that is 
‘unspiked’ to reflect the endogenous insulin level. 
In this way suitable method performance (i.e., 
accuracy and precision) can be demonstrated by 
computing the % recovery after subtracting the 
estimated endogenous concentration from the 
measured total concentrations in the validation 
sample (i.e., endogenous + spike). Upon com-
pletion of prestudy validation, the low, mid and 
high validation samples can be assigned a total 
insulin concentration (i.e., endogenous + spike) 
and then be used during in-study to judge the 
acceptability of assay runs during analyses of 
test samples.

PK/TK study-related factors
An important design consideration for insulin 
immunoassays intended to support regulated 
bioanalysis concerns the planned PK/TK stud-
ies. For convenience, it is helpful to discuss these 
study related factors separately based on whether 
they occur in a preclinical and clinical setting. 

As already noted for preclinical studies, insu-
lin’s primary amino acid sequence is heteroge-
neous across species and reagent antibodies are 
known to detect these subtle differences [110–114]. 
This issue can create a problem for assessments 
of selectivity/recovery (accuracy) and parallel-
ism, particularly at low concentrations near the 
LLOQ, during prestudy BMV of an insulin 
therapeutic. Thus for application in a preclini-
cal setting, assay design should take into account 
any differences between the species insulin and 
the human therapeutic peptide. This is espe-
cially important for studies involving rodents, 
but less so for canine and porcine due the simi-
lar structure of their native insulin (Table 3). A 
related issue in the preclinical setting concerns 
the duration of exposure for a human insulin 
or insulin analog. Because these peptides are 
dosed at higher levels in toxicology studies 
and are foreign, they are often immunogenic 
(i.e.,  capable of eliciting antibody formation) 
upon repeated administration. Since insulin 
ADAs are known to interfere in both competi-
tive and noncompetitive immunoassay formats, 
it is advisable to monitor for the presence of insu-
lin ADA to minimize risk of erroneous PK/TK 
data due to assay interference.

Regulated bioanalysis of insulin or insulin 
analogs in a clinical setting also requires that 
certain factors be given careful consideration 
for optimal assay implementation. As already 
mentioned and depicted in Figure 3, an analyti-
cal strategy for clinical evaluation of an insulin 
analog must consider the extent of crossreactivity 
for both the analog and native insulin. The study 
patient population can further complicate this 
issue, as patients with Type 2 DM are charac-
terized by insulin resistance and have elevated 
levels of circulating insulin, proinsulin and 
cleaved intermediates [118,119]. This means the 
baseline of insulin-like peptides is increased vis-
à-vis fasted normal healthy adults and creates a 
greater challenge for bioanalysis of an analog, 
unless of course, the reagent antibodies are ana-
log-specific. In contrast, sera from patients with 
Type 1 DM are theoretically devoid of insulin. 
However, these patients are often positive for 
the presence of insulin ADA due to prior expo-
sure to therapeutic administration of insulin and 
insulin analogs. If sera are insulin ADA posi-
tive, analytical strategies, such as pretreatment 
by polyethylene glycol, must be implemented to 
minimize their interference [115,116]. 

Disposition & metabolism
Characterization of in vitro catabolism of native 
human insulin has been described in numerous 
publications [120–121]. While the in vivo metabo-
lism of insulin is understood less well, the major 
mechanism for insulin clearance from the circu-
lation is thought to involve receptor mediated 
endocytosis followed by intracellular degrada-
tion. From a bioanalytical perspective, insulin 
is generally regarded as being stable in plasma 
and serum when appropriately stored frozen at 
-20°C to -70°C [122,123]. 

Whereas the in vivo catabolic pathways for 
most insulin analogs is thought to be similar to 
native insulin [124], one analog is unique in that 
it is known to undergo extensive metabolism fol-
lowing subcutaneous injection. Insulin glargine 
(Lantus®) (Table 2) [125] is used widely as a long-
acting basal insulin [125–126,208]. In addition, 
due to its structural differences, this therapeu-
tic has been reported to display much reduced 
immunoreactivity in some clinical insulin 
assays  [90–92,95,127,128]. Furthermore, glargine is 
known to undergo catabolism in both the sub-
cutaneous space and circulation with sequential 
cleavage of the Arg residues at the carboxy-ter-
minus of the B-chain to yield two predominant 
active metabolites, M1 (A

21
-Gly-insulin) and 
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M2 (A
21

-Gly-des-B
30

-Thr-insulin)  [129]. The 
metabolites M1 and M2 have been reported to 
possess equivalent glucose-lowering potency as 
the parent peptide in vitro and in vivo [130]. The 
proteolytic degradation of glargine is initiated 
at the injection site and continues in the sys-
temic circulation and is catalyzed at least in part 
by plasma/serum carboxypeptidase(s)  [127,130]. 
Thus, insulin glargine is one analog that war-
rants additional discussion concerning the 
potential impact of metabolism on its quantita-
tive determination by immunoassay. Structurally 
the metabolites M1 and M2 are more ‘insulin-
like’ than parent glargine and reported to be 
pharmacologically active in vivo. Because the 
C-terminal region of the B-chain comprises 
an important insulin antigenic epitope, it is 
likely that these metabolites will differ in their 
immunoassay potency relative to the parent pep-
tide. Moreover, as suggested in recent publica-
tions  [127,129], it is interesting to speculate that 
these metabolites may show greater potency in 
some assays than parent glargine. Thus, these 
data raise provocative questions about appropri-
ate design and calibration of immunoassays to 
quantify the different ‘pharmacologically active’ 

forms (i.e., parent peptide and active metabo-
lites) of insulin glargine in the circulation fol-
lowing subcutaneous injection. For these rea-
sons, one should consider strategically whether 
the immunoassay needs to detect parent peptide 
specifically (i.e., no crossreactivity from metabo-
lites) or also quantify the various known active 
metabolites of glargine. Either immunoanalyti-
cal approach will dictate defined bioanalytical 
requirements and impact assay design and the 
selection of reagent antibodies.

Recommendations for analytical 
validation of immunoanalytical 
methods for insulin bioanalysis 
The purpose of BMV is to demonstrate that 
the bioanalytical method consistently gener-
ates reliable data for the intended purpose of 
the study  [41,43]. There are three sequential 
steps towards the establishment of a validated 
method. method development, prestudy valida-
tion and in-study validation [42]. The evaluation 
of specific method characteristics for each phase 
of validation are summarized in Table  5. A 
detailed description of these processes has been 
published previously [42,205,131]. In addition, 

Table 5. Summary of prestudy validation requirements for GLP bioanalysis of protein.

Performance characteristic Methods 
development

Prestudy validation In-study validation

Assay reagent selection/
stability/assay format/batch size

Identify; establish Confirm Monitor; lot changes require confirmation 
of performance

Specificity and selectivity Establish Confirm Confirm in diseased states as available

Matrix selection/ sample 
preparation/minimum  
required dilution

Establish Confirm; for modified 
matrices, quaility controls 
must be prepared in relevant  
neat matrix

Monitor; with changes to lot of matrix, 
comparability must be demonstrated

Standard calibrators and 
standard curves

Select model Confirm Monitor

Precision and accuracy Evaluate imprecision 
and mean bias

Establish imprecision (%CV) 
and bias (%RE)

Total error (4–6–30) 

Range of quantification Evaluate Establish Apply

Sample stability Initiate Establish Ongoing assessment and extension

Dilutional linearity Evaluate Establish Monitor and establish dilutions not covered in 
prestudy validation

Parallelism N/A Investigate where possible Establish with incurred sample

Incurred sample reproducibility N/A Investigate where possible Confirm

Robustness/ruggedness Evaluate Establish Monitor

Partial validation/method 
transfer

N/A N/A Apply as appropriate

Run acceptance criteria N/A Runs accepted based on 
standard curve  
acceptance criteria

Standard curve and QC acceptance criteria
Apply 4–6–XX rule or other appropriate 
statistical criteria that aligns with the 
prestudy acceptance

CV: Coefficient of variation; N/A: Not applicable; RE: Relative error.
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interassay precision is evaluated during in-
study validation using incurred study samples. 
In the USA, recommendations on incurred 
sample reproducibility have been recently 
published [43,132,133].

Conclusion
The primary purpose of this perspective was to 
offer insights into some of the common technical 
challenges and hurdles in the establishment of 
immunoassays to support regulated bioanalysis 
for assessing the PK/TK of new novel insulin 
therapeutics. Despite insulin’s long and illustri-
ous history as a peptide therapeutic and wide 
availability of reagent antibodies and commer-
cial diagnostic kits for human insulin, routine 
establishment of regulatory-compliant immu-
noassays for new analogs remains a challeng-
ing endeavor. Furthermore the challenges for 
bioanalysis of insulin and insulin analogs will 
persist, as new and novel analogs continue enter 
drug development in the search for improved 
insulin therapeutics, and the BMV require-
ments for LBAs to support regulated bioanalysis 
continue to evolve over time. 

Future perspective 
While this perspective provides some useful 
insights into the technical considerations for 
insulin and insulin analogs, it likely describes in 
a broader sense some of the general bioanalytical 
issues that are common to peptide therapeutics. 
In this regard, it underscores the growing hetero-
geneity and complexity in biotherapeutics and 
reinforces some of the key differences in regu-
lated bioanalysis between monoclonal antibodies 
and peptide therapeutics. Accordingly, the util-
ity of the information contained in this perspec-
tive may increase over time, as clinical utility of 
this class of biotherapeutic continues to grow. 
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Executive summary

�� Insulin was the first recombinant DNA-derived biologic therapeutic manufactured. The success of recombinant insulin commercialization 
lead the way for the successful development of subsequent novel therapeutics produced by microorganisms.

�� The regulated bioanalysis of insulin and insulin analogs is confounded by a number of technical challenges, including biochemistry, 
endogenous peptide, structural differences between an analog and native insulin, differences in potency for analogs, interference from 
antidrug antibodies and the pathology of diabetes mellitus that often results in insulin resistance an elevated levels of circulating.

�� Insulin and insulin analogs contain epitopes that can be utilized to develop specific immunoassays.

�� The presence of endogenous insulin represents a substantial challenge for conducting regulated bioanalysis, and is a common issue 
when supporting therapeutic peptides that are present endogenously.

�� Insulin analogs present unique bioanalytical challenges when employing immunoassay methods and can behave differently in the 
immunoassay than with the native protein or peptide; particularly when bioanalytical antibodies were generated to the native molecule.

�� As new insulin analogs are developed and technologies advance (e.g., routes of administration, formulation, etc) the bioanalytical 
methods will undoubtedly need to evolve to meet these new challenges.

�� The innovation in the design and development of recombinant insulin and insulin analogs will be exploited and utilized in the future 
design of new and clinically improved biopharmaceuticals.
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