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a b s t r a c t

Protein or peptide higher order structure (HOS) is a quality attribute that could affect therapeutic efficacy

and safety. Where appropriate, the HOS similarity between a proposed follow-on product and the

reference listed drug should be demonstrated during regulatory assessment. Establishing quantitative

HOS similarity for 2 drug substances, manufactured by different processes, has been challenging. Herein,

HOS differences among U.S. marketed insulin drug products (DPs) were quantified using nuclear mag-

netic resonance spectra and principal component analysis (PCA). Then, the unitless Mahalanobis distance

(DM) in PCA space was calculated between insulin analog reference listed drugs and their recently

approved follow-on products, and all DM values were 3.29 or less. By contrast, a larger DM value of 20.5

was obtained between the 2 insulin human DPs independently approved. However, upon mass-balanced

and reversible dialysis of the 2 insulin human DPs against the same buffers, the DM value was reduced to

1.19 or less. Thus, the observed range of nuclear magnetic resonance-PCAederived DM values can be used

as a robust and sensitive measure of HOS similarity. Overall, the DM values of 3.3 for DP and 1.2 for drug

substances using insulin therapeutics represented realistic and achievable similarity metrics for devel-

oping generic or biosimilar drugs, quality assurance, or control.

Published by Elsevier Inc. on behalf of the American Pharmacists Association.

Introduction

The number of abbreviated new drug applications referencing

peptide and protein therapeutics has grown significantly.1,2 Typical

abbreviated drug application pathways in the United States are

generics following 505(j), follow-on newdrugs following 505(b)(2),

and biosimilars following 351(k). The active pharmaceutical

ingredient (API) of these therapeutics, if proteins, must have a

correctly folded higher order structure (HOS) to function in vivo and

effectively deliver the therapeutic dose. Peptides as short as 12

amino acid residues have been shown to form sufficiently stable a-

helical structures that could potentially influence peptide activity.3

In addition to protein secondary and tertiary structure, the HOS can

include protein oligomeric structure such as quaternary, quinary, or

oligomeric structures.4,5 The HOS may also be impacted by ex-

change kinetics among different structural forms in equilibrium.6

The HOS could present safety risks such as an immune response,

for example, if oligomerization at high concentrations becomes

irreversible aggregation.7 Thus, protein or peptide HOS is a quality
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attribute that may be critical for drug efficacy or safety. For any

abbreviated new drug applications (e.g., follow-on products), the

HOS quality attribute needs to be demonstrated to be equivalent

between the proposed drug and the reference innovator products,

usually the reference listed drug (RLD). High-resolution analytical

methods used for HOS assessment are needed to capture the

complex multiattribute (primary, secondary, tertiary, quaternary,

and quinary structures and the exchange kinetics among different

structural forms) nature of the API HOS.8-10

Solution state protein nuclear magnetic resonance (NMR)

spectroscopy is sensitive to changes in chemical composition and

HOS through characteristic peak patterns. For example, the NMR

peak position or chemical shift depends on amino acid type and H-

bond stabilized secondary and tertiary structures11; and peak line-

width or spin relaxation rates depend on quaternary, quinary,

oligomeric structures and exchange kinetics among equilibrated

structural forms.12 In recent years, one- or two-dimensional (1D or

2D) NMR methods have been used for protein HOS profiling.4,13-22

These studies support the use of NMR as a robust, reproducible, and

sensitive method in identifying HOS changes.18 Importantly, for

HOS assessment, principal component analysis (PCA) on NMR

spectral data has been increasingly used as a chemometric

approach for spectral comparison.4,15,23-25 Most of the published

studies were performed on drug substance (DS) extracted from

drug products (DPs),4,15,17 or DS available during proprietary drug

development.13,19 However, a limitation of many of these studies

was the qualitative data comparison used, which did not yield a

numerical measurement of similarity or difference between 2 drug

products. A quantitative numerical approach may be beneficial for

setting a specification for similarity between comparators for

quality assurance, control, and surveillance purposes. However, a

practical similarity metric for protein or peptide HOS difference

between RLD and the approved follow-on product or between

batches among the same product line has not been established.

Several hurdles exist for obtaining realistic HOS similarity

metrics. First, marketed biosimilar protein or generic peptide drugs

in the United States have not been widely available. For example,

the first U.S. protein biosimilar product filgrastim was approved in

2015. Second, formulation differences allowed in biosimilar or

generic products of the same drug substance could cause differ-

ences in protein or peptide HOS through subtle pH or ionic strength

variations. Therefore, separating buffer componenteinduced HOS

changes from drug substance manufacturingerelated protein HOS

differences may be difficult. Third, it has not been clearly estab-

lished on which similarity metrics derived from NMR spectra can

be used universally without subjective analyst bias or metrics

calculated in such a way that lead to a loss in the discriminating

power of the test.

To partially address this knowledge gap, recently, we evaluated

the 1D 1H and 2D 1H-13C NMR spectral differences between 2

originator DPs of insulin human. Although 2D spectra had much

better capability in resolving peaks of excipients and impurities,

and differentiating brand-to-brand differences, 1D NMR followed

by PCA and Mahalanobis distance (DM) was sensitive enough and

quick for interbrand comparison.25 In that study, a comparison of

the DM metrics applied between a RLD and an approved follow-on

product was not performed.

In this manuscript, U.S. marketed insulin drug products were

studied to extend the application of quantitative HOS metrics using

1D NMR, reversible dialysis, PCA, and Mahalanobis distance (DM)

calculation protocols. Insulin therapeutics can have different ana-

logues with modified amino acid sequences to achieve varied

pharmacokinetic profiles26 (Table 1). The chosen insulins were

short-acting insulin human, rapid-acting insulin lispro, and long-

acting insulin glargine, representing the insulin amino acid se-

quences of native, mutant B28-K/B29-P, andmutant A21-G/B30a-R/

B30b-R, respectively. The 2 insulin human DPs, HumulinR® and

NovolinR®, were approved independently as new drugs in 1982

and 1991, respectively. The insulin lispro RLD Humalog® was

approved in 1996 and its follow-on drug Admelog® was approved

in 2017. The insulin glargine RLD Lantus® was approved in 2000

and its follow-on drug Basaglar® was approved in 2015. The NMR

results here demonstrated for the first time a practical similarity

metric between both insulin DPs and DSs.

Materials and Methods

Reagents

Sodium sulfate, ethanolamine, and zinc chloride were pur-

chased from Sigma Aldrich (St. Louis, MO). Phosphoric acid, hy-

drochloric acid (HCl), 10� phosphate-buffered saline (PBS, pH 7.4),

1.0 M sodium acetate buffer (pH 4.0), HPLC gradewater, acetonitrile

(ACN), and the 2-kDa cut-off Slide-A-Lyzer Dialysis Cassette G2

were purchased from Thermo Fisher Scientific (Waltham, MA).

Deuterium oxide (D2O) and trimethylsilyl propanoic acid (TMSP)

were purchased from Cambridge Isotope Laboratories (Boston,

MA).

Insulin Drug Products

A total of 14 lots of insulin human (HumulinR® and NovolinR®),

14 lots of insulin lispro (Humalog® and Admelog®), and 14 lots of

insulin glargine (Lantus® and Basaglar®) DPs were sourced from

the U.S. market (Table S1). All insulin DP formulations had strengths

of 100 U/mL and were used directly for NMR measurement. Addi-

tional NMR analyses were performed on 14 lots of insulin human

drug substances after mass-balanced reversible dialysis (Table S2).

Mass-Balanced Reversible Dialysis

Insulin human drug products HumulinR® and NovolinR® were

subjected to a two-step mass-balanced dialysis at 2 different buffer

pH values for NMR data collection. For each lot, 1.0 mL of formu-

lation was injected to a G2 Slide-A-Lyzer Dialysis Cassette (Fisher

Scientific) and then subjected to the first dialysis against 2.0 L of 25

Table 1

Quantified NMR Spectra Difference Results on Insulin Drug Products (DPs)

Insulin Type Drug Substance Drug Product Approval Type Year Approved Buffer Interbrand DM

Rapid acting Insulin lispro Humalog® New drug 1996 Intact formulation 3.29

Admelog® Follow-on 505(b)(2) 2017

Long acting Insulin glargine Lantus® New drug 2000 1.58

Basaglar® Follow-on 505(b)(2) 2015

Short acting Insulin human HumulinR® New drug 1982 20.5

NovolinR® New drug 1991
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mM sodium acetate buffer (pH 4.0) with 51 nM zinc chloride at

room temperature for 20 h. The second dialysis of the resulting

sample inside the same cassette was performed against 2.0 L of

0.5� concentrated PBS (pH 7.4) with 51 nM of zinc chloride at room

temperature for 20 h.

HPLC Assay

One milliliter (1.0 mL) of insulin human DP samples taken

before and after dialysis were assayed using HPLC. The HPLC

method was adapted from the European Pharmacopoeia method

for the analysis of insulin human and insulin-related impurities

(Table S3).27 Online separation was conducted on a Waters Acq-

uity H-class UPLC system (Milford, MA) using an Agilent Tech-

nologies (Wilmington, DE) Zorbax Eclips XDB C-18 column (5 mm,

4.6 � 150 mm), and detected using an Acquity UPLC PDA Detector

(Milford, MA). Separation mobile phase A was 200 mM sodium

sulfate buffer containing 56 mM phosphoric acid (pH 2.3)

(adjusted to pH 2.3 with ethanolamine, if necessary). Mobile

phase B was a mixture of 55% of mobile phase A and 45%

acetonitrile. The LC flow rate was 1.0 mL/min, and the column

temperature was maintained at 40�C. Insulin drug substance was

eluted with an optimized isocratic elution at 55.6% phase B for

35 min. UV data was collected at the absorption wavelength of

Figure 1. Quantification of spectral differences for insulin lispro drug products (DP), Humalog® (blue) and Admelog® (red). Both the full (a) and the vertically zoomed (b)

superimposed 1D 1H NMR spectra of the 2 representative lots of DPs are shown. Assignment for excipients (a) and drug substance (b) are indicated. Blinded spectral regions shown

in gray (b) were excluded from the principal component analysis (PCA). The PCA scores are plotted between PC1 and PC2 (c) and between PC1 and PC3 (d). The 90% confidence

ellipses are drawn for each brand of insulin lispro.
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214 nm. Insulin human DP quantity was measured based on

detected insulin DS HPLC peak area in reference to that of USP

insulin human reference standard.

NMR Samples

For all intact formulations, NMR samples were prepared by

directly mixing 500 mL of drug product formulation with 30 mL of

deuterium oxide (D2O) solution which contained 0.002% of TMSP,

then transferring to a Wilmad 535-PP-7-5 5-mm NMR precision

tube (Wilmad-LabGlass). For dialyzed samples, NMR samples were

prepared similarly by aliquoting 500 mL of the insulin human

sample from the dialysis cassette after each individual dialysis step

was complete.

NMR Spectroscopy

All NMR spectra were acquired on a Bruker Avance III HD 600

MHz spectrometer equipped with a 5-mm TXI triple-axis gradient

room temperature probe. The experimental probe temperaturewas

maintained at 25�C. Chemical shifts were internally referenced to

TMSP.28 The 1D 1H NMR data were collected using a 1D NOESY

pulse sequence with 3919 Watergate for water suppression as

previously reported.4 The 1H carrier was placed onwater resonance

Figure 2. Quantification of spectral differences for insulin glargine drug products (DPs) Lantus® (blue) and Basaglar® (red). Both the full (a) and the vertically zoomed (b)

superimposed 1D 1H NMR spectra of the 2 representative lots of DPs are shown. Assignment for excipients (a) and drug substance (b) is indicated. Blinded spectral regions shown in

gray (b) were excluded from the principal component analysis (PCA). The PCA scores are plotted between PC1 and PC2 (c) and between PC1 and PC3 (d). The 90% confidence ellipses

are drawn for each brand of insulin glargine.
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at 4.696 ppm. The NOE mixing time was 50 microseconds, and the

recycle delay was 2.0 s. The acquisition time was 0.5 s with 7210

complex data points collected in each free induction decay. The

spectra width was 12 ppm, and a total of 496 scans were averaged.

The NMR experiment time for each 1D spectrum collection was

21.5 min. The raw free induction decays were apodized with a 90�

sine square function, scaled half for the first point, and zero filled to

spectral size of 8192 points before Fourier transformation. Phase

correctionwith zero order was applied. The resulting line-widths of

TMSP peak were all between 2.5 and 3.0 Hz despite some broad-

ening from overlapping insulin peaks at the bottom of the TMSP

peaks. All data were processed using MestReNova 12.0.4 software

(Mestrelab Research).

Principal Component Analysis

MestReNova 12.0.4 software was used for data processing and

PCA. PCAwas performed on every 1D 1HNMR spectra groups of the

insulin lispro DPs, insulin glargine DPs, insulin human DPs, and

insulin human DS after the dialysis. Resonance peaks for the ex-

cipients, buffer components, TMSP, and water, corresponding to the

regions of <0.1 ppm, 1.10-1.30 ppm, 1.90-7.50 ppm, and >9.30 ppm,

were excluded from the PCA analysis. The rest of the regions in the

1D 1H NMR spectra were binned at 0.02 ppm resolution, resulting

in a total of 170 bins with summed spectral intensities within each

bin. The summed intensities were subject to integrity check, sum

normalization, and Pareto scaling before PCA.

Figure 3. Quantification of spectral differences for insulin human drug products (DPs), HumulinR® (black) and NovolinR® (red). Both the full (a) and the vertically zoomed (b)

superimposed 1D 1H NMR spectra of the 2 representative lots of DPs are shown. Assignment for excipients (a) and drug substance (b) is indicated. Blinded spectral regions shown in

gray (b) were excluded from the principal component analysis (PCA). The PCA scores are plotted between PC1 and PC2 (c) and between PC1 and PC3 (d). The 90% confidence ellipses

are drawn for each brand of insulin human.
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Calculation of Mahalanobis Distances (DM)

The Mahalanobis distances (DM) between any 2 insulin brands,

for example, A and B, were calculated similarly as before using PCA

scores,25 except that previously the square of the distance (DM
2 )

were used to increase the differentiability comparison among

methods. Briefly, for each brand, the PC scores from all the lots were

tabulated as a sample matrix Am�n, with m representing the

number of lots and n representing the number of PC components

used toward DM calculation. In the present study, m was 7 and n

was 3. The mean vector A1�n and covariance matrix SAn�n of the

sample matrix Am�n can be calculated. To compare brand A with

brand B, the covariance matrices of the 2 need to be averaged per

Equation 1 before calculating DM using Equation 2. The calculations

were performed using MATLAB 9.0 (The MathWorks Inc.) and the

code can be found in Supplementary information.

S¼ðSA þ SBÞ =2 (1)

DM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðA� BÞS�1ðA� BÞ0
q

(2)

Results

In this study, 1D 1H NMR experiments were performed on

multiple drug product lots of Humalog®, Admelog®, Lantus®,

Basaglar®, HumulinR®, and NovolinR® (Table S1). In addition, 1D

NMR data were collected on the mass-balanced dialyzed insulin

human drug substance in 25 mM sodium acetate buffer (pH 4.0)

and in 0.5x PBS (pH 7.4), respectively (Table S2).

Quantified Spectral Similarity Between Insulin Drug Products

The 1D 1H NMR spectra were first collected on intact insulin

drug products including APIs of insulin lispro (Fig. 1), insulin glar-

gine (Fig. 2), and insulin human (Fig. 3). In the spectra of the 6 drug

products, Humalog®, Admelog®, Lantus®, Basaglar®, HumulinR®

and NovolinR®, strong peaks from the excipients glycerol,m-cresol,

and the residual solvent ethanol (Figs. 1a, 2a and 3a) dominated the

observed spectral signals because of their high concentration

relative to the API insulins. On vertically expanding the spectral

scale by 2-3 orders, insulin peaks could be visualized in the regions

of 0-4.5 ppm and 5-9 ppm associated with the aliphatic and amide/

aromatic proton resonances in the peptides, respectively (Figs. 1b,

2b and 3b). Visually, the spectrum of Admelog®, the follow-on

insulin lispro product, showed a comparable spectral pattern to

the RLD Humalog® (i.e., similar insulin peak chemical shift and

line-width [Fig. 1b]). Similarly, the spectrum of Basaglar®, the

follow-on insulin glargine product, showed a comparable spectral

pattern to the RLD Lantus® (Fig. 2b). By contrast, the 2 insulin

human spectra, HumulinR® and NovolinR®, were different from

each other with broader and sharper peaks observed in the

HumulinR® and the NovolinR® spectra, respectively (Fig. 3b).25

Peak line broadening or enhanced spin relaxation could be due to

either more insulin oligomerization or intermediate exchange ki-

netics (i.e., on the micro to millisecond timescale) among different

structural forms. Herein the root causes of peak broadening in

HumulinR® were not evaluated; however, previous results from

diffusion ordered spectroscopy and orthogonal methods like dy-

namic light scattering suggested insulin oligomer distributions in

HumulinR® were similar to or slightly broader than NovolinR®6;

therefore, intermediate exchange kinetics among different

structural forms might be the reason for line broadening in

HumulinR®.

Though visual comparison of spectral patterns was informative

for determination of HOS equivalence, a quantitative determination

was more desirable for regulatory purposes. To quantify the dif-

ference in insulin lispro HOS between the RLD Humalog® and the

follow-on brand Admelog®, the NMR spectra of 14 lots of insulin

lispro from both brands, excluding the spectral regions with peaks

of excipients and water (Fig. 1b), were arrayed for chemometric

analysis, that is, PCA. The resulting PC1-3 scores were plotted, and

Figure 4. Overlay of HPLC-UV traces (214 nm) of USP insulin human reference stan-

dard with (a) HumulinR® DP and NovolinR® DP, (b) HumulinR® DS and NovolinR® DS

in 25 mM sodium acetate buffer at pH 4.0, and (c) HumulinR® DS and NovolinR® DS in

0.5� PBS buffer at pH 7.4.
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90% confidence interval ellipses were drawn (Figs. 1c and 1d). The

first three PC components accounted for 73.9% of spectral varia-

tions. The follow-on brand Admelog® spectra had a highly over-

lapped distribution in PC1-3 spaces with the RLD Humalog®

distribution (Figs. 1c and 1d). The Mahalanobis distance (DM) be-

tween the 2 brands of insulin lispro was calculated to be 3.29 when

all PC1-3 scores were included in the calculation (Table 1).

The same PCA approach was applied to compare the follow-on

brand Basaglar® with insulin glargine RLD Lantus® (Figs. 2c and

2d). The first three PC components accounted for 82.0% of spectral

variations. The PCA scores of nearly all drug lots fell into the 90%

confidence interval ellipses of both brands, suggesting the inter-

brand difference was indistinguishable from interlot difference

within each brand. The resulting Mahalanobis distance (DM) was

1.58 (Table 1).

The same procedure was applied to compare the 2 insulin hu-

man drug products, HumulinR® and NovolinR®, both of which

were innovator drugs (Table 1). For insulin human, the first three PC

components accounted for 90.3% of spectral variations. The drug

lots from the 2 brands were well separated from each other in PCA

space (Figs. 3c and 3d). The calculated DM value from these datawas

20.5 when all PC1-3 scores were included (Table 1). The much

larger DM value suggested a larger HOS difference between insulin

humans (HumulinR® and NovolinR®). Because the 2 products were

independently approved as new drugs in 1982 and 1991, the insulin

expression organism, production, purification, and formulation

differences could reasonably result in a larger HOS difference

although the API should be the same.

Taken together, the marketed follow-on insulin analogue drugs

can have a similarity score as low as 1.58 or 3.29 in Mahalanobis

distance (DM), as evidenced by the approved follow-on drug

products of insulin glargine and lispro, respectively. Therefore, the

DM value of 3.3 can be suggested as a realistic and achievable

threshold of similarity metrics when comparing the HOS of protein

or peptide between 2 drug products or batches in formulation us-

ing NMR and PCA.

Figure 5. Quantification of spectral difference for insulin human drug substances (DSs) from HumulinR® (black) and NovolinR® (red) in pH 4 buffer. The superimposed 1D 1H NMR

spectra of the 2 representative lots of DSs are shown (a). Blinded spectral regions shown in gray were excluded from the principal component analysis (PCA). The PCA scores are

plotted between PC1 and PC2 (b) and between PC1 and PC3 (c). The 90% confidence ellipses are drawn for each brand of insulin human.

Table 2

Quantified NMR Spectra Difference Results on Insulin Human Drug Substance (DS)

Drug Product Insulin Human Assay (Unit) Buffer Interbrand DM

HumulinR® 100.5 Sodium acetate (25 mM, pH 4.0) 0.818

NovolinR® 99.7

HumulinR® 99.9 0.5� PBS (pH 7.4) 1.19

NovolinR® 98.6
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Mass-Balanced Reversible Dialysis of Insulin Human Drug Products

When drug product spectra are not comparable due to differ-

ences in manufacture and formulation that affect protein HOS and

the potential equilibrium among multimeric forms of insulin, HOS

similarity between 2 products may be assessed using the isolated

drug substances in identical buffer conditions generated by

reversible buffer exchange. For example, NovolinR® and Humu-

linR® are formulated independently by different manufacturers

and would require buffer exchange to make a comparison of the

HOS of the insulin drug substances under the same conditions.

Thus, a mass-balanced dialysis was performed on both Novo-

linR® and HumulinR® to buffer-exchange the insulin human drug

substances to the same buffer composition for HOS similarity

assessment. Maintenance of the full composition of the drug sub-

stance after the mass-balance assay was critical for NMR spectral

analysis, as the dialysis protocol should avoid selecting only a

subset of insulin human molecules retained through the dialysis

procedure. To verify the reversibility of the HOS, the dialysis

experiment was designed to be a two-step procedure, first to 25

mM sodium acetate buffer with zinc at low pH 4.0, then to 0.5� PBS

with zinc at pH 7.4, which has a pH value closely matched to the

insulin human formulation pH value of 7.2-7.4. During dialysis,

HPLC assays were applied to monitor insulin loss by measuring the

total insulin quantities both before and after dialysis and concom-

itantly to probe possible formation of any detectable insulin-related

degradation products incurred during dialysis. The HPLC results

showed that the potencies of intact formulations of HumulinR®

and NovolinR®were 101.0 units/mL and 99.6 units/mL, respectively

(Fig. 4, Table S4), confirming that both formulations met the USP-

required potency range of 95.0%-105.0% of the potency stated on

the drug product label. By comparing the total insulin quantities,

insulin loss after dialysis was observed to be negligible for testing

purposes (�1.0%) for both HumulinR® and NovolinR® (Table 2),

confirming that the dialysis under the designed experimental

conditions was a mass-balanced method. In addition, no new in-

sulin peak was observed in the HPLC trace of the dialyzed insulin

sample (Fig. 4), suggesting that insulin-related degradants were not

produced during the dialysis procedure.

Quantified Spectral Similarity Between Insulin Human Drug

Substance

The 1D 1H spectra of the insulin human in the first dialyzed

sodium acetate buffer at pH 4.0 were visually indistinguishable for

HumulinR® and NovolinR® (Fig. 5a). Each drug substance spectrum

had resonances for glycerol and acetate arising from the excipients

and dialysis buffer components, respectively. Because of the

reduction in excipients after dialysis, the available insulin reso-

nance range for comparison was more than that observed for the

spectra obtained on the intact drug products. However, to keep the

PCA protocol identical, the same chemical shift regions were

retained and binned as that used for the drug product spectra

(Fig. 5a). The resulting NMR-derived PC1-3 scores were plotted

with a 90% confidence interval ellipse drawn (Figs. 5b and 5c). The 2

ellipses were found to be highly overlapped. The first three PC

Figure 6. Quantification of spectral difference for insulin human drug substances (DSs) from HumulinR® (black) and NovolinR® (red) in pH 7 buffer. The superimposed 1D 1H NMR

spectra of the 2 representative lots of DSs are shown (a). Blinded spectral regions shown in gray were excluded in principal component analysis (PCA). The PCA scores are plotted

between PC1 and PC2 (b) and between PC1 and PC3 (c). The 90% confidence ellipses are drawn for each brand of insulin human.
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components accounted for 78.3% of spectral variations. The DM

value was calculated to be 0.818 using the PC1-3 scores (Table 2).

Next, the insulin human proteins were dialyzed against pH 7.4

PBS buffer. The NMR spectra from pH 7.4 samples were found to be

visually different from the spectra at pH 4.0 with broadened lines

(Fig. 6a). Most resonances observed were associated with insulin

human and much less identifiable excipient or buffer peaks were

observed. Nevertheless, the same blind regions were applied to

ensure an objective PCA comparison (Fig. 6a). The resulting PC1-3

scores were plotted with a 90% confidence interval ellipse drawn

for the 2 brands of insulin DS (Figs. 6b and 6c). The first three PC

components accounted for 76.1% of spectral variations. The DM

value was 1.19 when all PC1-3 scores were included in the calcu-

lation (Table 2), which was only slightly above the value of spectral

comparison at pH 4.0, indicating that a minor change in HOS was

observed in pH 7.4 buffer. However, both ellipses were highly

overlapped (Figs. 6b and 6c), suggesting the presence of similar

HOS for the 2 insulin human drug substances.

Taken together, DM value of 1.2 can be suggested as a realistic

and achievable threshold of similarity metrics when comparing the

HOS of the same insulin human drug substance manufactured

differently by 2 firms.

Conclusion and Discussion

Among all physicochemical properties, the HOS of a protein or

peptide therapeutic can be critical for drug function and stability.

NMR spectroscopy, in terms of both NMR peak chemical shift and

linewidth, is highly sensitive to HOS changes. From a chemistry,

manufacture, and control perspective, the comparison of peptide or

protein drug product NMR spectra among different batches and

brands may be an important task for drug product development,

quality assurance, or quality control.29 Efforts to quantify NMR

spectra differences among different drug brands continue to grow

using numeric outcomes from chemical shift mapping and

PCA.4,18,25,30 In a previous study, a chemical shift difference of 8 ppb

or less was identified among similar filgrastim drug products ob-

tained from the U.S. and Indian markets.18 Subsequent work on

monoclonal antibody HOS comparison reported even lower

thresholds for the same protein across many laboratories.31 How-

ever, most published studies on NMR spectral comparison for

peptide or protein HOS of different brands of drugs lack quantifi-

cation or a numerical similarity score and proposed threshold. Such

a numerical score if reproducible and robust could be useful for

evaluating the equivalence of generic or biosimilar drugs to the

RLD. As previous studies have shown NMR data to be very robust

and precise across time, instruments, and laboratories, the DM

metrics such as those reported here have the potential to change

how such measurements are reported.

Herein, using U.S. marketed insulin drugs as test articles, simi-

larity scores among 1D 1H NMR spectra of insulin peak regions on

both DPs and DSs were calculated. The choice of 1D NOESY 1H NMR

pulse sequence program was primarily based on the satisfactory

water suppression observed with this pulse sequence at 600 MHz.4

In practice, any pulse scheme that has suitable water suppression

capability could be applied to maximize the API signals for com-

parison. In performing comparison of insulin HOS, excluding ex-

cipients, residual solvent, and process-related impurity peaks was

necessary as these signals do not reflect the structure of the drug

substance. These signals were identifiable based on chemical shifts

and characteristic sharper peaks compared to the insulin signals. Of

note, depending on the instrument, the NMR measurement may

not be sufficiently sensitive to low levels (~<5%) of protein

degradationerelated impurities (e.g., asparagine deamidation) or

other post translational modifications; therefore, the comparison of

insulin peaks mostly represents the major HOS quality attributes.

Similarity scores for the observable HOS relevant signals were

expressed in the unitless Mahalanobis distance (DM) derived from

PCA space with an unsupervised chemometric approach. As a

result, between the 2 U.S. marketed rapid-acting insulin lispro DPs,

the RLD Humalog® and the follow-on Admelog®, which were

approved in 1996 and 2017, respectively, a similarity score of DM of

3.3 was obtained. Between the 2 U.S. marketed long-acting insulin

glargine DPs, the RLD Lantus® and the follow-on Basaglar®, which

were approved in 2000 and 2015, respectively, a similarity score of

DM of 1.6 was obtained. Thus, a DM value of 3.3 could be proposed as

a realistic and achievable similarity threshold for a generic drug

product manufactured by a drug firm with limited chemistry,

manufacture, and control knowledge of the RLD product.

In parallel, when only the drug substance between different

formulations needs to be compared, the deformulation process

should assure the reversibility of protein HOS change without loss

of drug substance. The drug substance comparison procedure has

been demonstrated here using the drug products HumulinR® and

NovolinR®. The 2 insulin human DPs were independently approved

without any regulatory tie of RLD and generics or follow-ons, and

both contained drug substance insulin human, expressed in

different organisms.32 The two-step dialysis design at different pHs

with an HPLC assay assured the reversibility of insulin human HOS

with retention of over 98% of drug substance assay. The resulting

DM value was 1.2 or less could be proposed as a second achievable

similarity threshold for drug substance similarity between active

pharmaceutical ingredients found in drug products manufactured

by 2 independent firms.

In this work, the large dynamic range of DM values from 0.818 to

20.5 (Tables 1 and 2) observed for the insulin data illustrated high

sensitivity of NMR spectral differences to protein HOS. One indi-

cation that these threshold values may be widely applicable is that

in a similar approach (i.e., using 1D NMR, PCA, and DM calculation)

reported by Goodpaster and Kennedy for the evaluation of the

separation threshold among spectra in a metabonomic study,33 a

DM value below 1.4 was indicative of partial to no separation while

a value of 7.7 was indicative of total separation. Although the

subject of study was completely different from drug quality, the

partial-separation threshold in metabolomics expressed in DM was

similar to the current DM values derived from insulin DS compari-

son of 1.2. Overall, the DM for drug product similarity threshold

value of 3.3 or drug substance value of 1.2 require additional testing

to establish their usefulness over time and with a wider set of

products where originator and follow-on/generic/biosimilar com-

parators are available.

In addition to providing HOS similarity thresholds for drug

products or drug substances, the work here is presented using a

commonly available NMR spectrometer (i.e., 600-MHz with a

room-temperature probe) and simple 1D 1H spectra, as sufficient

for HOS quality comparisons. Notably, the chemometric approach is

generic and would be equally applicable to any solution or solid-

state NMR spectra and even other lower resolution spectroscopy

like circular dichroism that compares primarily secondary structure

elements. As such, the NMR and PCA approach, in addition to being

applicable as a quality assurance tool, could be a routine quality

control tool for release testing or surveillance measurements to

assure drug product quality over the lifecycle of a drug.

Acknowledgments

Support for this work from the U.S. FDA, United States CDER

Critical Path Award is gratefully acknowledged. The authors thank

CDER colleagues Muthukumar Ramaswamy, Jeff Jiang, and Maria

D. Wang et al. / Journal of Pharmaceutical Sciences xxx (2020) 1-10 9



Gutierrez Lugo for helpful discussions. This project was supported,

in part, by an appointment (S.M.P) to the Research Participation

Program at the CDER administered by the Oak Ridge Institute for

Science and Education (ORISE) through an interagency agreement

between the U.S. Department of Energy and the U.S. FDA.

This article reflects the views of the author and should not be

construed to represent U.S. FDA's views or policies.

References

1. Kozlowski S, Woodcock J, Midthun K, Behrman Sherman R. Developing the
nation's biosimilars program. N Engl J Med. 2011;365(5):385-388.

2. Calo-Fern�andezB,Martínez-Hurtado JL. Biosimilars: company strategies tocapture
value from the biologics market. Pharmaceuticals (Basel). 2012;5(12):1393-1408.

3. Forood B, Feliciano EJ, Nambiar KP. Stabilization of alpha-helical structures in
short peptides via end capping. Proc Natl Acad Sci U S A. 1993;90(3):838-842.

4. Chen K, Long DS, Lute SC, Levy MJ, Brorson KA, Keire DA. Simple NMR methods
for evaluating higher order structures of monoclonal antibody therapeutics
with quinary structure. J Pharm Biomed Anal. 2016;128:398-407.

5. Cohen RD, Pielak GJ. A cell is more than the sum of its (dilute) parts: a brief
history of quinary structure. Protein Sci. 2017;26(3):403-413.

6. Patil SM, Keire DA, Chen K. Comparison of NMR and dynamic light scattering
for measuring diffusion coefficients of formulated insulin: implications for
particle size distribution measurements in drug products. AAPS J. 2017;19(6):
1760-1766.

7. Moussa EM, Panchal JP, Moorthy BS, et al. Immunogenicity of therapeutic
protein aggregates. J Pharm Sci. 2016;105(2):417-430.

8. Chirino AJ, Mire-Sluis A. Characterizing biological products and assessing
comparability following manufacturing changes. Nat Biotechnol. 2004;22:1383.

9. Woodcock J, Griffin J, Behrman R, et al. The FDA's assessment of follow-on
protein products: a historical perspective. Nat Rev Drug Discov. 2007;6:437.

10. Berkowitz SA, Engen JR, Mazzeo JR, Jones GB. Analytical tools for characterizing
biopharmaceuticals and the implications for biosimilars. Nat Rev Drug Discov.
2012;11(7):527-540.

11. Wüthrich K. NMR of Proteins and Nucleic Acids. 1st ed. New York, NY: Wiley;
1986.

12. Cavanagh J, Skelton N, Fairbrother W, Rance M, Palmer A. Protein NMR Spec-

troscopy. 2nd ed. New York, NY: Academic Press; 2006.
13. Poppe L, Jordan JB, Lawson K, Jerums M, Apostol I, Schnier PD. Profiling

formulated monoclonal antibodies by 1H NMR spectroscopy. Anal Chem.
2013;85(20):9623-9629.

14. Kiss R, Fizil �A, Sz�antay C. What NMR can do in the biopharmaceutical industry.
J Pharm Biomed Anal. 2018;147:367-377.

15. Japelj B, Ilc G, Maru�si�c J, Sen�car J, Kuzman D, Plavec J. Biosimilar structural
comparability assessment by NMR: from small proteins to monoclonal anti-
bodies. Sci Rep. 2016;6:32201.

16. Quinternet M, Starck J-P, Delsuc M-A, Kieffer B. Heteronuclear NMR provides
an accurate assessment of therapeutic insulin's quality. J Pharm Biomed Anal.
2013;78-79:252-254.

17. Arbogast LW, Brinson RG, Marino JP. Mapping monoclonal antibody struc-
ture by 2D 13C NMR at natural abundance. Anal Chem. 2015;87(7):3556-
3561.

18. Ghasriani H, Hodgson DJ, Brinson RG, et al. Precision and robustness of 2D-
NMR for structure assessment of filgrastim biosimilars. Nat Biotechnol.
2016;34:139-141.

19. Franks J, Glushka JN, Jones MT, Live DH, Zou Q, Prestegard JH. Spin diffusion
editing for structural fingerprints of therapeutic antibodies. Anal Chem.
2016;88(2):1320-1327.

20. Amezcua CA, Szabo CM. Assessment of higher order structure comparability in
therapeutic proteins using nuclear magnetic resonance spectroscopy. J Pharm
Sci. 2013;102(6):1724-1733.

21. Aubin Y, Gingras G, Sauv�e S. Assessment of the three-dimensional structure of
recombinant protein therapeutics by NMR Fingerprinting: demonstration on
recombinant human granulocyte macrophage-colony stimulation factor. Anal
Chem. 2008;80(7):2623-2627.

22. Jin X, Kang S, Kwon H, Park S. Heteronuclear NMR as a 4-in-1 analytical plat-
form for detecting modification-specific signatures of therapeutic insulin for-
mulations. Anal Chem. 2014;86(4):2050-2056.

23. Arbogast LW, Delaglio F, Schiel JE, Marino JP. Multivariate analysis of two-
dimensional 1H, 13C methyl NMR spectra of monoclonal antibody therapeu-
tics to facilitate assessment of higher order structure. Anal Chem. 2017;89(21):
11839-11845.

24. Guerrini M, Rudd TR, Mauri L, et al. Differentiation of generic enoxaparins
marketed in the United States by employing NMR and multivariate analysis.
Anal Chem. 2015;87(16):8275-8283.

25. Chen K, Park J, Li F, Patil SM, Keire DA. Chemometric methods to quantify 1D
and 2D NMR spectral differences among similar protein therapeutics. AAPS
PharmSciTech. 2018;19(3):1011-1019.

26. Bhatnagar S, Srivastava D, Jayadev MSK, Dubey AK. Molecular variants and
derivatives of insulin for improved glycemic control in diabetes. Prog Biophys
Mol Biol. 2006;91(3):199-228.

27. Monographs for human insulin (0838). European Pharmacopoeia. 9th ed. Vol. 9.
Strasbourg, France: European Directorate for the Quality of Medicines &

HealthCare; 2018:6.
28. Wishart DS, Bigam CG, Yao J, et al. 1H, 13C and 15N chemical shift referencing

in biomolecular NMR. J Biomol NMR. 1995;6(2):135-140.
29. Weiss WF, Gabrielson JP, Al-Azzam W, et al. Technical decision making with

higher order structure data: perspectives on higher order structure charac-
terization from the biopharmaceutical industry. J Pharm Sci. 2016;105(12):
3465-3470.

30. Haxholm GW, Petersen BO, Malmstrøm J. Higher-order structure character-
ization of pharmaceutical proteins by 2D nuclear magnetic resonance methyl
fingerprinting. J Pharm Sci. 2019;108:3029-3035.

31. Brinson RG, Marino JP, Delaglio F, et al. Enabling adoption of 2D-NMR for the
higher order structure assessment of monoclonal antibody therapeutics. mAbs.
2019;11(1):94-105.

32. Sandow J, Landgraf W, Becker R, Seipke G. Equivalent recombinant human
insulin preparations and their place in therapy. Eur Endocrinol. 2015;11(1):10-
16.

33. Goodpaster AM, Kennedy MA. Quantification and statistical significance anal-
ysis of group separation in NMR-based metabonomics studies. Chemometr Intell
Lab Syst. 2011;109(2):162-170.

D. Wang et al. / Journal of Pharmaceutical Sciences xxx (2020) 1-1010

http://refhub.elsevier.com/S0022-3549(20)30007-1/sref1
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref1
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref2
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref2
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref2
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref3
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref3
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref4
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref4
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref4
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref5
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref5
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref6
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref6
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref6
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref6
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref7
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref7
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref8
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref8
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref9
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref9
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref10
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref10
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref10
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref11
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref11
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref12
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref12
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref13
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref13
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref13
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref14
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref14
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref14
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref14
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref15
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref15
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref15
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref15
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref15
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref15
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref16
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref16
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref16
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref17
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref17
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref17
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref18
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref18
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref18
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref19
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref19
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref19
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref20
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref20
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref20
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref21
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref21
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref21
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref21
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref21
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref22
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref22
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref22
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref23
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref23
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref23
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref23
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref24
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref24
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref24
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref25
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref25
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref25
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref26
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref26
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref26
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref27
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref27
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref27
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref28
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref28
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref29
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref29
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref29
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref29
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref30
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref30
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref30
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref30
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref31
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref31
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref31
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref32
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref32
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref32
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref33
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref33
http://refhub.elsevier.com/S0022-3549(20)30007-1/sref33

	An NMR-Based Similarity Metric for Higher Order Structure Quality Assessment Among U.S. Marketed Insulin Therapeutics
	Introduction
	Materials and Methods
	Reagents
	Insulin Drug Products
	Mass-Balanced Reversible Dialysis
	HPLC Assay
	NMR Samples
	NMR Spectroscopy
	Principal Component Analysis
	Calculation of Mahalanobis Distances (DM)

	Results
	Quantified Spectral Similarity Between Insulin Drug Products
	Mass-Balanced Reversible Dialysis of Insulin Human Drug Products
	Quantified Spectral Similarity Between Insulin Human Drug Substance

	Conclusion and Discussion
	Acknowledgments
	References


