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Introduction

Tens of millions of vials, pens, and reservoirs of insulin are 
currently stored or in transit in refrigerated or unrefrigerated 
distribution centers, pharmacies, hospitals, delivery vehicles, 
homes, bathroom counters, pockets, purses, backpacks, belt 
clips, lockers, glove compartments, and planes. It is astonish-
ing that very little published research seems to have been con-
ducted that explores the potency of insulin doses at various 
steps of the cold chain up to the point they are administered.

Insulin, like many other peptide hormone based drugs, is 
temperature sensitive and its stability is affected by storage 
conditions. This is reflected in the resources invested in cold 
chain maintenance in the insulin supply chain and the spe-
cific storage recommendations that apply for insulin when in 
the hands of people with diabetes (PwD). Insulin, among 
other temperature-sensitive medications, presents a particu-
larly unique case because of the exposure to environmental 
factors when in-use. Precise dosing is a key in intensive insu-
lin therapy.

People with diabetes around the world carry insulin with 
them daily, in vials, pens, or pumps close to their body and 
store their insulin supply in household refrigerators. Insulin 
is regularly subjected to risk factors that can affect its potency 
when in-use, such as high and low ambient temperatures, sun 
light, and agitation through movement. In insulin pumps 
worn close to the body, not only is the temperature in the 

reservoir increased the constant movements also accelerate 
fibril formation.1-3 Many PwD live in places without access 
to refrigeration, and recent data indicate that even insulin 
storage conditions in household refrigerators often do not 
meet recommendations by manufacturers.4

Exact dosing is essential for PwD to maintain glycemic con-
trol. People with diabetes perceive changes in insulin sensitiv-
ity often and need to adjust their dose accordingly. Changes in 
insulin potency can contribute to this observed variability in 
glucose levels, however, this factor is currently not sufficiently 
considered. Laboratory analysis is needed to verify if insulin 
potency has been affected, making it difficult to assess in prac-
tice. Furthermore, there is little publicly available data on insu-
lin stability. Limited access to insulin, and recently, the 
increasing insulin prices in the United States force many PwD 
to ration their insulin and to obtain it from unconventional 
sources.5 Insulin might be used beyond expiration date, the 
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recommended in-use timeframe, or after it has been exposed to 
suboptimal storage conditions. It is complicated for PwD to 
evaluate which risks they face when using insulin that has or 
might have been stored outside of recommendations.

This review summarizes what is known about the storage 
of insulin, how it affects insulin stability, current practice in 
the distribution chain and when stored by PwD and discusses 
how the factor of insulin potency could be taken into account 
to improve diabetes management.

Insulin Stability: Impact of Heat and 
Cold

Temperature is known to be an important factor that impacts the 
pharmaceutical quality of drugs based on peptide hormones. 
This is reflected in insulin storage recommendations (Table 1) 
and the importance of temperature control throughout distribu-
tion (Table 2). Pharmaceutical quality entails many different 
aspects, such as potency, purity, bioavailability, physicochemi-
cal properties, pH, appearance, and sterility. The International 
Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) defines stability as those 
quality factors of a specific pharmaceutical product that are sus-
ceptible to change during its storage and likely influence its 
quality, efficacy, purity, and safety.6

Insulin in pharmaceutical formulations undergoes chemi-
cal and physical degradation pathways over time, leading to 
reduced potency. These are accelerated by exposure to high 
temperatures, direct sunlight, shear stress through agitation 
and by an increased air-liquid surface, which occurs as the 
volume in a vial decreases.7 Since PwD take insulin injec-
tions several times a day or carry an insulin pump close to the 
body, insulin is regularly exposed to these stress factors. The 
chemical degradation pathways of insulin are deamidation 
and formation of high-molecular weight polymers (HMWPs). 
Both deamidated insulin molecules and HMWPs are still 
partially potent.7 As a physical degradation pathway, the 
aggregation of insulin molecules to fibrils has higher impact 
on the potency of an insulin formulation.7 Due to the stable 
bonds of insulin molecules within these fibrils, subcutaneous 
injections of insulin formulations with fibrils induce a greatly 
reduced biological response due to the reduced number of 
monomers that are available for absorption.3 Insulin fibrilla-
tion is verified using microscopy in a laboratory, but fibrils 
can also be visible in insulin vials. However, PwD might not 
regularly check their insulin for the formation of fibrils 
which is especially difficult in pens or pump reservoirs.

In addition to high temperatures, freezing must be avoided 
as this can both compromise the integrity of a formulation 
and the vial. As an example, freezing might cause fine cracks 
in the glass of cartridges and therefore impairs its hygiene.7

Even though there are a variety of human insulins and 
insulin analogs in different formulations and delivery devices 
on the market today, most of the research on stability and deg-
radation pathways of insulin formulations has been published 

decades ago and refers to bovine, porcine, and human insulin 
only. Experimental data presented by Jens Brange from Novo 
Nordisk in a booklet from 1987 show how storage tempera-
tures induce loss of biological potency of insulin formula-
tions. This publication still remains the main public source of 
data on insulin stability3,7 among other data from the early 
1970s.8-10

It is widely assumed that different insulin products are 
comparable with respect to their stability, although they 
vary in peptide structure, formulation, and manufacturing 
methods. Changes in the primary structure of the insulin 
molecule or additional substances to enhance or prolong its 
absorption might influence its stability, eg, differences in 
sensitivity to structural changes due to temperature, or 
added excipients like in protein-bound insulin (neutral pro-
tein Hagedorn (NPH)-insulins) in suspension, that are more 
sensitive to physical degradation than insulin solutions.7 
Excipients added to the insulin formulations can also have 
an impact on insulin stability. For example, phenolic preser-
vatives play a role in the stabilization of insulin hexamers. If 
insulin is stored in such a way as to allow evaporation of 
such high vapor pressure additives, this will impact insulin 
stability and solubility.11 This can be a particular problem in 
insulin pumps, depending on the plastic material used for 
the insulin infusion set, infusion rates, temperature, etc.

Stability Evaluation of Insulin 
Formulations

The potency of insulin formulations in units per milliliter 
(U/mL) indicates the quantified blood glucose lowering 
activity of an insulin formulation per volume. Originally, 
insulin potency was determined in bioassays by administer-
ing insulin to rabbits or mice and monitoring their blood 
glucose over time. These bioassays were replaced by high-
performance liquid chromatography (HPLC) in the 1980s, 
measuring the concentration of insulin in a formulation. The 
correlation between insulin quantity (measured in mass by 
physicochemical assays) and biological activity (measured 
in units by bioassays) has been demonstrated in studies at 
the time.8-10 Today, the United States Pharmacopeia (USP) 
and many other pharmacopoeias such as Europe and Japan 
recognize HPLC as the standard method to assess insulin 
potency.12-14 The USP defines a variability margin of ±5% 
U/mL for insulin formulations, meaning an insulin vial 
labeled “100 U/mL” has to contain 95 to 105 U/mL of insu-
lin as measured by HPLC to fulfill quality standards.12

Bioassays have subsequently lost their significance as a 
quantitative assay but are still used to verify the bioidentity 
of insulin and are, for example, required as a part of quality 
control before releasing batches in powder form as an active 
pharmaceutical ingredient (API) for the US market, in con-
trast to European regulations.15,16 The USP argues for the 
validity of this test because it “accurately reflects the effect 
on the diabetic patient” and bioidentity “cannot be assessed” 
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Table 1.  Storage Recommendations for Different Insulin Products in the United States and European Union With the Shelf Life In-Use 
and the Maximum Temperature In-Use.

Type Active substance Manufacturer Brand name Region
Year first 
approval Packaging

Shelf life 
in-use

Max. 
temperature 

in-use

Intermediate 
acting (NPH)

Isophane insulin Eli Lilly Humulin N United States 1982 Prefilled pen 14 days 30°C
Vial 31 days 30°C

Novo Nordisk Novolin N United States 1991 Prefilled pen 28 days 30°C
Vial 42 days 25°C

Sanofi Insuman Basal EU 1997 Pen cartridge 4 weeks 25°C
Prefilled pen 4 weeks 25°C
Vial 4 weeks 25°C

Long acting Insulin degludec Novo Nordisk Tresiba EU 2013 Pen cartridge 8 weeks 30°C
Prefilled pen 8 weeks 30°C

United States 2015 Prefilled pen 8 weeks 30°C
Vial 8 weeks 30°C

Insulin detemir Novo Nordisk Levemir EU 2004 Pen cartridge 6 weeks 30°C
Prefilled pen 6 weeks 30°C

United States 2005 Prefilled pen 42 days 30°C
Vial 42 days 30°C

Insulin glargine Eli Lilly Abasaglar EU 2015 Pen cartridge 28 days 30°C
Prefilled pen 28 days 30°C

Basaglar United States 2015 Prefilled pen 28 days 30°C
Mylan Semglee EU 2018 Prefilled pen 4 weeks 30°C
Sanofi Lantus EU 2000 Prefilled pen 28 days 30°C

Vial 10 mL 28 days 30°C
United States 2000 Prefilled pen 28 days 30°C

Vial 10 mL 28 days 30°C
Toujeo EU 2015 Prefilled pen 6 weeks 30°C

United States 2015 Prefilled pen 56 days 30°C
Long acting + 

glp-1 agonist
Insulin degludec + 

liraglutide
Novo Nordisk Xultophy EU 2014 Prefilled pen 21 days 30°C

United States 2016 Prefilled pen 21 days 30°C
Insulin glargine + 

lixisenatide
Sanofi Soliqua United States 2016 Prefilled pen 28 days 25°C

Suliqua EU 2017 Prefilled pen 28 days 25°C
Premixed Human insulin + 

human insulin 
isophane

Eli Lilly Humulin 70/30 United States 1989 Prefilled pen 10 days 30°C
Vial 31 days 30°C

Novo Nordisk Actraphane EU 2002 Pen cartridge 6 weeks 30°C
Prefilled pen 6 weeks 30°C
Vial 6 weeks 25°C

Insulatard EU 2002 Pen cartridge 6 weeks 30°C
Prefilled pen 6 weeks 30°C
Vial 4 weeks 25°C

Mixtard EU 2002 Pen cartridge 6 weeks 30°C
Prefilled pen 6 weeks 30°C
Vial 6 weeks 25°C

Novolin 70/30 United States 1991 Prefilled pen 28 days 30°C
Vial 42 days 25°C

Protaphane EU 2002 Pen cartridge 6 weeks 30°C
Prefilled pen 6 weeks 30°C
Vial 4 weeks 25°C

Sanofi Insuman Comb EU 1997 Pen cartridge 4 weeks 25°C
Prefilled pen 4 weeks 25°C
Vial 4 weeks 25°C

Insulin aspart + 
protamine-crystallized 
insulin aspart

Novo Nordisk NovoLog Mix 
70/30

United States 2001 Prefilled pen 14 days 30°C
Vial 28 days 30°C

NovoMix EU 2000 Pen cartridge 4 weeks 30°C
Prefilled pen 4 weeks 30°C

Insulin degludec/insulin 
aspart

Novo Nordisk Ryzodeg EU 2013 Pen cartridge 4 weeks 30°C
Prefilled pen 4 weeks 30°C

Ryzodeg 70/30 United States 2015 Prefilled pen 28 days 30°C
Insulin lispro + insulin 

lispro protamine
Eli Lilly Humalog Mix United States 1999 Prefilled pen 10 days 30°C

Vial 28 days 30°C

(continued)
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Type Active substance Manufacturer Brand name Region
Year first 
approval Packaging

Shelf life 
in-use

Max. 
temperature 

in-use

Rapid acting Human insulin MannKind Afrezza United States 2014 Inhaler cartridge 10 days 30°C
Insulin aspart Novo Nordisk Fiasp EU 2017 Pen cartridge 4 weeks 30°C

Prefilled pen 4 weeks 30°C
Vial 4 weeks 30°C

United States 2017 Prefilled pen 28 days 30°C
Vial 28 days 30°C

NovoLog United States 2000 Pen cartridge 28 days 30°C
Prefilled pen 28 days 30°C
Vial 28 days 30°C

NovoRapid EU 1999 Pen cartridge 4 weeks 30°C
Prefilled pen 4 weeks 30°C
Pump cartridge in use: 

7 days
30°C

Vial 4 weeks 30°C
Insulin glulisine Sanofi Apidra EU 2004 Pen cartridge 4 weeks 25°C

Prefilled pen 4 weeks 25°C
Vial 4 weeks 25°C

United States 2004 Prefilled pen 28 days 25°C
Vial 28 days 25°C
Vial (use in pump) 2 days 37°C

Insulin lispro Eli Lilly Humalog EU 1996 Pen cartridge 28 days 30°C
Prefilled pen 28 days 30°C
Vial 28 days 30°C

United States 1996 Pen cartridge 28 days 30°C
Prefilled pen 28 days 30°C
Vial 28 days 30°C

Liprolog EU 2001 Pen cartridge 28 days 30°C
Prefilled pen 28 days 30°C
Vial 28 days 30°C

Sanofi Admelog United States 2017 Prefilled pen 28 days 30°C
Vial 28 days 30°C

Insulin lispro 
Sanofi

EU 2017 Pen cartridge 4 weeks 30°C
Prefilled pen 4 weeks 30°C
Vial 4 weeks 30°C

Short acting/
regular

Human insulin Eli Lilly Humulin R United States 1982 Vial 31 days 30°C
Humulin R 

U-500
United States 1994 Prefilled pen 28 days 30°C

Vial 40 days 30°C
Novo Nordisk Actrapid EU 2002 Pen cartridge 6 weeks 30°C

Prefilled pen 6 weeks 30°C
Vial (40 U/mL) 4 weeks 25°C
Vial (100 U/mL) 6 weeks 25°C

Novolin R United States 1991 Prefilled pen 28 days 30°C
Vial 42 days 25°C

Sanofi Insuman 
Implantable

EU 1997 Vial 45 days 37°C

Insuman Infusat EU 1997 Pump cartridge 2 weeks na
Vial 2 weeks 25°C

Insuman Rapid EU 1997 Prefilled pen 4 weeks 25°C
Vial 4 weeks 25°C

Abbreviation: NPH, neutral protein Hagedorn.
Source: Information taken from the Summary of Product Characteristics (SmPC) from FDA and European Assessment Reports (EPAR) from EMA.19

Table 1. (continued)

by HPLC.17 Recently, the insulin manufacturer Sanofi 
replaced rabbit bioassays with a cell-based assay to verify 
bioidentity.18

One concern regarding the HPLC method is the pretreat-
ment of insulin by a strong acid for the duration of one hour, 

which may alternate structural changes, eg, higher molecular 
weight proteins or fibrils that may be formed previously during 
storage. The potency of insulin measured by HPLC and the 
insulin’s actual biological potency therefore might differ; how-
ever, no data have been published to substantiate this concern.
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A recent independent evaluation of insulin concentration 
in vials purchased at pharmacies in the Midwest of the 
United States showed considerably lower insulin concen-
trations when this was measured with a highly sensitive dif-
ferent method for assessing insulin concentration using 
Quadrapole Time-of-Flight Mass Spectrometry.20 It remains 
to be shown if these findings can be confirmed by others 
using different analytical methods parallel to the USP-
approved HPLC method.21 Another research group has con-
ducted a similar study with NPH insulin purchased from 
pharmacies in the United States. Insulin concentration was 
assessed using Ultra Performance Liquid Chromatography 
coupled with UV detection (UPLC-UV) and with Mass 
Spectrometry (UPLC-MS). The results demonstrate that 
mass spectrometry yields a lower concentration than liquid 
chromatography, however, the HPLC method according to 
USP was not used.22 More recently, NMR methods have 
been proposed for the measurement of insulin concentra-
tions.23,24 For future studies on insulin stability, it would be 
helpful to evaluate correlations between established bioas-
say methods (ie, rabbit hypoglycemia) and modern chemi-
cal analytic methods. Such studies would help to better 
understand the validity of the chemical methods as predic-
tors of biopotency. Other methods to assess insulin pharma-
cokinetics are immunoassays, which are used to measure 
small insulin concentrations circulating in blood after sub-
cutaneous insulin administration. Glucose clamp studies 

allow the estimation of insulin pharmacodynamics. In such 
studies, insulin is administered to PwD under highly con-
trolled conditions and the glucose infusion rates needed to 
keep blood glucose constant thereafter is measured. Such 
studies are a requirement for each new insulin as an essen-
tial part of their approval process, but are expensive and 
cumbersome to perform regularly.

Insulin Storage in the Distribution Cold 
Chain

Insulin storage temperature is carefully managed and controlled 
in all steps of the supply chain by manufacturers, distributors, 
health care professionals (HCPs), and health authorities. Table 2 
shows a simplified overview of quality assurance for the main 
stakeholders in the pharmaceutical cold chain. In distribution, 
insulin needs to be kept refrigerated between 2°C and 8°C 
(36°F-46°F) to ensure optimal quality.

The World Health Organization (WHO), the European 
Commission, and USP issue Good Distribution Practice (GDP) 
Guidelines, which regulate and advise on how to maintain the 
pharmaceutical cold chain.25-27 These stipulate that pharmaceu-
tical manufacturers are liable and responsible to recall insulin if 
possibly damaged. Manufacturers therefore make contracts 
with logistics companies and wholesalers, defining the condi-
tions under which products are stored and transported, and 
often work closely together on risk assessment. Pharmacies 

Table 2.  Stakeholders and Quality Assurance Throughout the Cold Chain.

Manufacturer Distributor/wholesaler Pharmacy/hospital People with diabetes

Guidelines Good Distribution Guidelines
by WHO, European Commission, US Pharmacopeia, etc.

Limited, inconsistent information in 
guidelines by health organizations

  National law for 
pharmacies/hospitals

 

Other quality 
systems

Quality system by manufacturer
Contracts with distributors

Quality system by 
institution

 

Available 
information

Knowledge of stability data Package leaflet, might 
know stability data

Package leaflet, 
professional training

Package leaflet, education from 
HCPs, product website

Quality 
assurance 
measures

-  Liability of manufacturer, responsibility to recall products
-  Risk assessment based on recorded temperature data
-  Audits, quality control
-  Training of staff
- � Use of validated materials (medical refrigerators, tested shipping boxes, 

refrigerated transporters, etc.)
-  Temperature monitoring
-  Documentation

-  No quality control
-  No risk assessment possible
- � Suboptimal storage in home 

refrigerator
-  Use of cool bags

Abbreviation: HCPs, health care professionals.

Manufacturer Distributor Pharmacy PWD
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and hospitals also report to manufacturers when temperature 
deviations occur, which are then assessed case by case and 
might result in recalling the packages in question or clearing 
them safe to dispense.

In 2009, Eli Lilly received a $10-million settlement from 
their distribution contractor when an insulin shipment was 
exposed to freezing temperatures. Temperature loggers in the 
air freight containers had recorded a minimum of −0.1°C. In 
the case files, it is argued by the manufacturer that “insulin 
that has been exposed to sub-freezing temperatures may 
undergo subtle changes that are not detectable by physical 
inspection.” The shipment was deemed unsalable for human 
consumption and destroyed.28

Regulatory bodies across regions have different poli-
cies on temperature deviations during the supply chain. 
The USP argues that deviations from the temperature 
range of 2°C to 8°C (36°F-46°F) are unavoidable in the 
distribution chain. They are acceptable if the manufac-
turer can show stability test data that demonstrate the 
product’s quality is not affected by a certain temperature 
deviation. The USP GDP also advise to use the metric of 
mean kinetic temperature that weighs severity and dura-
tion of temperature excursion.27 The European GDP how-
ever explicitly does not accept any deviations from a 
temperature range as labeled on a medication package.26 
The Australian Health Authority requires manufacturers 
to share stability data from a real-time temperature simu-
lation of the supply chain, including anticipated tempera-
ture deviations. Most biotechnologically derived products 
such as insulin are manufactured in the United States or 
Europe and shipping to Australia is lengthy and crosses 
the equatorial region.29

Once insulin arrives at a pharmacy or hospital, it is sup-
posed to be stored in temperature controlled and monitored 
refrigerators. The use of a min-max thermometer and daily 
documentation of the temperature is recommended by USP.27 
Furthermore, various national guidelines/legislations are in 
place, and proper temperature management can be part of a 
pharmacy/hospital audit.30 In the United States, mail ordering 
insulin has recently become increasingly popular. Depending 
on where parcels are delivered to and how long it takes to reach 
the destination, insulin might be exposed to extended tempera-
ture deviations, eg, in the freezing cold during the winter or 
very hot temperatures or direct sunlight during summer.

Storage Recommendations by 
Manufacturers

Toward the end of the pharmaceutical supply chain, the peo-
ple who handle insulin are HCPs and PwD, and the package 
leaflet becomes the main source of information on insulin sta-
bility. Insulin manufacturers need to provide stability data to 
health authorities as a part of the market authorization pro-
cess. These tests contain short-term stress tests and long-term 
tests under different temperature and humidity conditions 

following general predefined testing protocols of the ICH.6 
These data justify shelf life and storage recommendations.

All insulin formulations should be stored in a refrigerator 
at 2° to 8°C (36°F-46°F) to keep their quality until the expi-
ration date. Insulin can alternatively be stored at room tem-
perature below 25°C or 30°C (77°F or 86°F), provided it is 
then used within a certain time period that ranges between 
10 days and 8 weeks (Table 1). For insulin intended to be 
used in pumps, recommendations also define a certain shelf 
life for use at 37°C (98.6°F) as a maximum in-use tempera-
ture for a pump reservoir worn close to the body or a patch 
pump. Table 1 lists all insulin formulations authorized by the 
US Food and Drug Administration (FDA) and the European 
Medicines Agency (EMA) by insulin type, with the respec-
tive in-use shelf life and maximum temperature.

Once removed from the refrigerator, manufacturers rec-
ommend to discard insulin after a specified period of time, 
either if it was in-use or still unopened. For a majority of 
insulin formulations, this is four weeks: “discard after 
28 days even if some of the solution remains.”31 In a Diabetes 
Care commentary from 2003, the reasons behind this were 
questioned, since for some PwD, especially for children, this 
means discarding insulin regularly.32,33 Although three insu-
lin manufacturers and the American Diabetes Association 
(ADA) provided statements in response, there is little clarity 
on why these recommendations are in place, whether for ste-
rility, potency, or other quality concerns.32,34 One insulin 
manufacturer (Eli Lilly) referenced general recommenda-
tions by the Committee for Proprietary Medicinal Products 
for sterile products for human use as a source for the four-
week timeframe.32 However, some newer insulin formula-
tions allow a longer shelf life in-use, such as Tresiba® (insulin 
degludec, Novo Nordisk) with eight weeks (Table 1). Other 
insulin products should be used no longer than 10 or 14 days. 
Figure 1 summarizes different in-use shelf lives for insulin 
products marketed in the United States and EU. A recent 
study surveyed 269 PwD in the United States on their use of 
10 mL Lantus vials (insulin glargine, Sanofi) and 81% of 
them used their insulin beyond the 28-day recommended 
shelf life, on average for 43 days. The authors call for a need 
to increase awareness and education among PwD and recog-
nize that the impact of using insulin past the recommended 
shelf life is unknown.35

Manufacturers have stated that differences in stability 
occur depending on the type of insulin, volume, and packag-
ing.32 As an example, for Actrapid (human insulin, Novo 
Nordisk), vials with different insulin concentrations and pens 
have different storage parameters (Table 1). However, this 
does not apply in general for all vials and cartridges (Figure 1).

Leaflet storage recommendations are influenced by regula-
tory framework and give limited information about a product’s 
stability. Sanofi shared information on the stability of Lantus 
(insulin glargine, Sanofi), claiming that the long-acting insulin 
analog has been proven to remain stable during temperature 
cycles between −15°C and +25°C (5°F and 77°F) for a month, 
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as expected conditions in the supply chain.32 However, the 
label advises that Lantus should not be frozen. Novo Nordisk 
recently published stability test data on Actrapid and Insulatard, 
which are labeled with an in-use shelf life of six weeks, dem-
onstrating that these two insulins are still within FDA specifi-
cations after a stress test of six weeks at 30°C and an additional 
four weeks at 30°C (86°F), to account for potential improper 
handling during distribution.21 Even though pharmaceutical 
products remain stable in freeze-thaw studies or can endure 
single temperature excursions to heat, leaflets recommend 
either “store in a refrigerator” or “at room temperature”.37 
“Room temperature” is not defined exactly the same way 
across regulatory regions in the world. “Controlled room tem-
perature” according to USP is “20°C to 25°C with excursions 
allowed to 15°C to 30°C,” while the same product might be 
labeled as “store below 30°C” in the EU.37 As an example, 
Xultophy (insulin degludec/liraglutide, Novo Nordisk) should 
be stored at “room temperature 15°C to 30°C (59°F to 86°F)” 
in the United States and “below 30°C” in the EU (Table 1). 
These regulatory differences apply to all temperature-sensitive 
drugs and have been critically discussed in the past. Hunt et al 
from USP proposed to label products in a way that more accu-
rately reflects stability data, including excursion times and 
avoiding narrow temperature ranges of room temperature to 
remove uncertainty.37 For some rapid acting insulins, like 
NovoRapid (insulin aspart, Novo Nordisk) or Apidra (insulin 

glulisine, Sanofi), label recommendations give some idea of a 
stability budget. When used in a pen, NovoRapid is stable for 
four weeks below 30°C. When used in a pump, however, insu-
lin manufacturers propose a maximum in-use temperature of 
37°C (98.6°F), and insulin should be discarded after one week 
and can only be stored unrefrigerated (<30°C [86°F]) for two 
weeks prior (Table 1).

Another regulatory implication is that the same insulin 
product can have different storage recommendations across 
different regions, which has been criticized in the past as this 
is considered to be confusing for HCPs and PwD.38 Today, 
storage recommendations are harmonized at least across the 
United States and Europe for a majority of insulins, but there 
are still some exceptions. As an example, Toujeo (insulin 
glargine, Sanofi) is currently labeled as stable at room tem-
perature for eight weeks in the United States, but only six 
weeks in the EU (Table 1).

Insulin Storage at PwD’s Homes

Once insulin is handed over to PwD, they keep it cooled until 
they start using a vial, cartridge, or prefilled pen. The instruc-
tions in the package leaflet are to keep insulin “refrigerated/
in a refrigerator between 2°C and 8°C (36°F-46°F)” and “do 
not freeze”.31 However, for PwD in many parts of the world 
refrigeration is not available or unreliable.39 What’s more, 

Figure 1.  Number of insulin products per in-use shelf life recommendation and packaging for insulin products authorized by European 
Medicines Agency and Food and Drug Administration, respectively (information taken from the Summary of Product Characteristics 
(SmPC) from FDA or EMA, resp. Accessed May 4, 2019).36
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recent studies demonstrated that real-world conditions often 
do not successfully meet storage recommendations, even 
when refrigerators are used. An evaluation of data collected 
from 230 PwD showed that insulin in 25% of household 
refrigerators was exposed to temperature fluctuations below 
freezing point (0°C [32°F]).4 These findings are in line with 
other observational studies of temperature-sensitive medica-
tions stored in patients’ homes,40-42 eg, for antirheumatic bio-
logic drugs, where the recommended temperature range was 
only maintained for 54.8% of storage time and the propor-
tion of the patients that stored their medication for more than 
two hours consecutive time below 0°C (32°F) was 24.3%.40 
It is unclear what impact these storage conditions have on in 
insulin stability. However, most PwD store considerable 
quantities of insulin to cover their needs for many months in 
their refrigerators, therefore, this represents a risk to insulin 
quality that would be unacceptable by professional cold 
chain standards.

Household refrigerators are primarily designed for storing 
food and optimized for food safety (0°C-4°C [32°F-41°F]) 
with temperatures a few degrees below range for medication 
(2°C-8°C [36°F-46°F]). Temperatures have shown to often 
drop below freezing point. Unlike pharmaceutical refrigera-
tors that have ventilators for air circulation, the air inside 
household refrigerators is not circulated, which leads to a 
temperature gradient and the creation of warm and cold zones 
within the same refrigerator. Many modern refrigerators can 
adjust their target temperature; however, this regulation is not 
precise and relies on one measurement only. Compressor 
cycles introduce fluctuations of high amplitudes. Even if the 
average temperature is within 2°C to 8°C (36°F-46°F), there 
may be great deviations outside this range.43-45

The general awareness level of PwD about these technical 
implications of properly storing insulin in a refrigerator is 
assumed to be low, as it is not common practice for PwD to 
use thermometers to monitor their storage temperatures and 
there is little publicly available information and little training 
on insulin storage as part of their educational programs. 
Leaflets do not address the practical aspects of storing insu-
lin properly for extended periods of time in household 
refrigerators.

Storage and Transport of Insulin When 
In Use

For PwD, the insulin in-use is a daily companion, and there-
fore, is exposed to numerous environmental factors. The 
average ambient temperature in many regions can be much 
higher than the recommended 30°C (86°F) in summer or can 
drop below 2°C (36°F) in winter. Package leaflets, in addi-
tion to a temperature range, recommend keeping insulin 
“away from sunlight” and “do not freeze.”

There is little research on how insulin is transported when 
in-use and its quality at the moment of administration. 
Observational data from users of the insulin pen cap “Insulclock” 

showed that during a study period in Spain in summer, injec-
tions were performed at an average temperature of 27°C (81°F), 
with 11.7% above 30°C (86°F) up to 41°C (106°F).46 There are 
also a few documented cases of diabetic ketoacidosis (DKA) of 
pump users, whose insulin had stopped working because of 
exposure to heat or freezing.47,48

The average level of awareness of consequences as a result 
of exposure to heat seems to be higher than for exposure to 
low temperatures, as many PwD who live in or travel to 
warmer climates use cooling bags. In a survey conducted in 
the south west of the United States, 64% of PwD reported to 
“carry items in a cooler/ice chest” or “carry items in a com-
mercially produced case with ice/gel packs” to protect their 
medications and supplies from heat.49 There are several prod-
ucts on the market for protecting insulin pens and vials from 
heat. However, no systematic analysis was performed to see 
how stable insulin remains when it is stored within these bags 
or cases and if recommended temperatures can be maintained. 
Some products refrigerate by water evaporation (www.frio.
co.uk), others by using phase changing material and vacuum 
insulation (www.tempramed.com). The maximum cooling 
effect that can be gained from evaporation is strongly depen-
dent on the ambient humidity. People with diabetes also use 
thermos flasks, regular coolers with ice, or portable refrigera-
tors. When using ice/ice packs, insulin pens or vials should 
never be kept directly on ice to avoid freezing.50

A number of new insulin delivery systems have an inte-
grated temperature sensor. These include insulin pumps, smart 
pens, or pen caps https://www.tandemdiabetes.com (t:slimX2), 
https://www.companionmedical.com (InPen), https://www.
insulclock.com (Insulclock), Bigfoot Biomedical pen caps 
(https://www.bigfootbiomedical.com/), and Common Sensing 
(https://gocap.me/), a startup supported by Sanofi. There are 
two products (to the best of the authors’ knowledge at the 
moment of publishing) that are tailored for PwD and dedicated 
to monitoring insulin temperature: MedAngel (https://medan-
gel.co/) is a temperature sensor and a mobile app that can be 
kept with any type of insulin and warns when temperature lim-
its are exceeded, and Safe Med (https://medicool.com/prod-
ucts/safe-med-sensor), a lower-cost alternative. Evaluating 
data generated by such delivery and monitoring devices will 
provide further insights into insulin storage conditions.

Quality Assurance and Risk Assessment 
for PwD

According to the plethora of reports in online forums and 
social media, PwD experience issues with their insulin often. 
A decrease in biological potency of insulin over time due to 
improper storage conditions (while using, eg, the same insu-
lin pen) would potentially result in an increase in insulin 
doses needed. This does not remain unnoticed by people sen-
sitive to such changes, especially when larger adjustments of 
insulin doses are required or when people track insulin dos-
ages and glucose levels. However, PwD, caregivers, diabetes 
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educators, and physicians might not consider variations in 
insulin potency as a possible cause for observed increase in 
blood glucose fluctuations due to the many other factors 
influencing insulin requirements. When therapeutic goals are 
not achieved, insufficient biological potency of the insulin 
used should be considered as a possible cause as well, by 
PwD as well as by the diabetes team.

It is unclear how potential issues with insulin quality are 
handled in practice, as there is currently no way to assess 
insulin quality in a feasible way for these cases. There is no 
research on the frequency of replacing insulin or issuing 
new insulin prescriptions for PwD who perceive changes in 
insulin sensitivity. Insulin potency is not routinely assessed 
in a case of a DKA or severe hypoglycemia that has no other 
apparent cause. In the few documented cases of a DKA 
caused by spoiled insulin, the reason was only identified 
because doctors talked extensively to patients and caregiv-
ers and because the temperature exposure had been memo-
rable and obvious: a detached insulin pump left in the sun 
while swimming and an insulin vial that had frozen in a 
hotel refrigerator.47,48

When PwD or their diabetes team doubt potency of an 
insulin product, they can return it to the manufacturer. In a 
recent publication, Novo Nordisk showed quality assessment 
results of 233 insulin vials that had been sent back to the 
company because PwD or HPCs in the United States had 
voiced concerns about their quality.21 The insulin content in 
over 95% of the vials, that had been collected over three 
years, was within USP requirements recognized by FDA 
(±5%) as assessed by HPLC.21 People with diabetes received 
a reply stating that the insulin in question has been examined 
and meets release specifications. Only in five of the vials 
returned to the manufacturer by the consumer, potency and/
or appearance was found to be out-of-specification. This is of 
interest to note, as the returned insulin was subjected to 
unknown storage and shipping conditions in the hands of the 
PwD, at least some of the insulin will have been past the 
recommended discard time period and the vials and pens 
were already opened and used.

An emerging opportunity to detect changes in insulin 
potency is to correlate data derived from insulin delivery 
devices with integrated temperature sensors or systems for 
automated insulin delivery (AID) with continuous glucose 
monitoring (CGM). Insulin dosage over time in relation to 
glycemic outcomes and insulin storage temperature can be 
analyzed. Such analysis might indicate if insulin used by 
PwD changes in stability over time, ie, if the biological 
potency declines while the insulin is in use in the AID system 
or when stored under insufficient conditions in PwD’s 
homes. Evaluation of parameters like time in range, insulin 
sensitivity, and total daily dose are relevant in this respect 
and information about insulin lots, duration of insulin usage 
of a given vial, etc., could be taken into consideration. The 
access to such technologies is an opportunity to enable PwD 
to manage their insulin’s quality. The insulin delivery device 

company Bigfoot Biomedical has recently submitted a patent 
for temperature monitoring that could potentially implement 
anticipated changes in insulin potency into insulin dosing 
decisions.51 Recently, methods were proposed that would 
allow a nondestructive evaluation of insulin concentration.24 
This might in the future enable people to assess insulin 
before injection.

Awareness and Education

After being diagnosed, PwD have to cope with an entirely 
new life situation and have to learn many things in a short 
period of time. In diabetes education programs for newly 
diagnosed PwD, a good portion of time is focused on insulin 
treatment and all practicalities associated with this. No stan-
dardized recommendations for diabetes education programs 
exist for insulin storage and the priority of the topic is unclear. 
An increase in awareness about the importance of optimal 
insulin storage for maintenance of biological potency of 
insulin by adequate education is important and might lead to 
a better and higher frequency of reports of reduced insulin 
potency. This does not only hold true for PwD but also for 
other stakeholders involved in diabetes care, including phar-
macists, diabetes educators, and physicians.

Few health authorities or organizations publicly share rec-
ommendations about insulin storage. The current Standards 
of Medical Care in Diabetes issued by ADA do not cover 
insulin storage practice or insulin stability, but there is some 
information on the ADA website.52,53 Table 3 shows recom-
mendations for insulin storage by four different organiza-
tions: the ADA, the International Society for Pediatric and 
Adolescent Diabetes (ISPAD), the East Africa Diabetes 
Study Group (EADSG), and the Sri Lanka Medical 
Association (SLMA) published by WHO. All of these guide-
lines acknowledge that insulin is temperature sensitive and 
should be protected from heat and freezing to ensure quality. 
They give practical recommendations to a different level of 
detail. It is of note that these sources differ in the proposed 
in-use shelf lives for insulin. The online patient information 
of the ADA states that “insulin kept at room temperature will 
last approximately 1 month”, while EADSG recommends six 
weeks and the SLMA two to three weeks (in bold, Table 3). 
International Society for Pediatric and Adolescent Diabetes 
cites degradation kinetics of insulin formulations as a guide-
line on how to expect insulin to lose potency, however, these 
data are derived from one comment by one manufacturer 
(Lilly) from 2003 and it was not specified which type of 
insulin they apply to.32,54 The EADSG furthermore defines 
the minimum and maximum temperature limits of 0°C 
(32°F) and 32°C (90°F) as harmful for insulin quality.50

There is a paucity of recent stability studies in publicly 
available literature that could be utilized to give practical rec-
ommendations for insulin stability. The last published studies 
that research degradation kinetics of insulin are a few decades 
old and do not cover modern insulins.3,56,57 These data show 
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that insulin is far more stable than storage recommendations 
suggest, but only limited studies have been published about 
the stability of modern insulins.21 Newer studies do not pro-
vide more clarity on insulin degradation kinetics because of 
different study setups, analytic methods, and research ques-
tions. For example, a study from India from 2009 finds that 
regular insulin formulations start losing potency from three 
weeks stored at 32°C and 37°C (89.6°F and 98.6°F), as 
assessed in rabbits and per HPLC.58 Another study from the 
United States simulated transit conditions for insulin shipped 

in winter and summer. After exposure to extreme temperatures 
like −10°C and 45°C (14°F and 113°F) for a cycle of three 
days, all samples of regular, NPH, and premixed insulin were 
still within specifications per HPLC analysis and without any 
visible changes.59 In a viewpoint from the year 2000, it was 
stated that insulin storage in tropical countries “is not an 
important practical issue,” referencing studies published in 
1987 and 1996.60 To our understanding, this is an important 
practical issue in many countries—for families, HCPs, and 
international organizations. In their publication from 2016, 

Table 3.  General Recommendations on Insulin Storage by Independent Organizations.

American Diabetes Association 
(ADA)
“Insulin Storage and Syringe Safety” 
diabetes.org53

International Society for 
Pediatric and Adolescent 

Diabetes (ISPAD)
“ISPAD Clinical Practice Consensus 

Guidelines 2018”54

East Africa Diabetes Study Group
(EADSG)

“EADSG Guidelines: Insulin Storage 
and Optimisation of Injection 

Technique in Diabetes Management”50

Sri Lanka Medical 
Association

“Best Practice in Insulin 
Injection Technique. A 
Simplified Guideline”55

“Although manufacturers 
recommend storing your insulin 
in the refrigerator, injecting 
cold insulin can sometimes 
make the injection more painful. 
To avoid this, many providers 
suggest storing the bottle of 
insulin you are using at room 
temperature. Insulin kept at 
room temperature will last 
approximately 1 month.

Remember though, if you buy more 
than one bottle at a time to save 
money, store the extra bottles in 
the refrigerator. Then, take out 
the bottle ahead of time so it is 
ready for your next injection.

Here are some other tips for storing 
insulin:
• � Do not store your insulin 

near extreme heat or 
extreme cold.

• � Never store insulin in the 
freezer, direct sunlight, or 
in the glove compartment 
of a car.

• � Check the expiration date 
before using, and don’t 
use any insulin beyond its 
expiration date.

• � Examine the bottle closely to 
make sure the insulin looks 
normal before you draw the 
insulin into the syringe.

If you use regular, check for particles 
or discoloration of the insulin. If 
you use NPH or lente, check for 
“frosting” or crystals in the insulin 
on the inside of the bottle or for 
small particles or clumps in the 
insulin. If you find any of these in 
your insulin, do not use it, and 
return the unopened bottle to the 
pharmacy for an exchange and/or 
refund.”

“Regulatory requirements state 
that the labelled insulin product 
must retain at least 95% of its 
potency at expiry date. At room 
temperature (25°C, 77°F), insulin 
will lose <1.0% of its potency 
over 30 days. In contrast, insulin 
stored in a refrigerator will lose 
<0.1% of its potency over 30 days. 
Storage recommendations are 
more often based on regulatory 
requirements regarding sterility 
than loss of potency. The 
individual manufacturer’s storage 
recommendation and expiry dates 
must be adhered to. These usually 
recommend that:
•  Insulin must never be frozen.
• � Direct sunlight or warming (in 

hot climates or inside a car on 
a sunny day) damages insulin.

• � Patients should not use 
insulin that has changed 
in appearance (clumping, 
frosting, precipitation, or 
discoloration).

• � Unused insulin should be 
stored in a refrigerator 
(4°C-8°C).

• � After first usage, an 
insulin vial should be 
discarded after 3 months 
if kept at 2°C to 8°C 
or 4 weeks if kept at 
room temperature. 
However, for some 
insulin preparations, 
manufacturers 
recommend only 10 to 
14 days of use in room 
temperature.

• � In hot climates where 
refrigeration is not available, 
cooling jars, earthenware 
pitcher or a cool wet cloth 
around the insulin will help to 
preserve insulin activity.”

“To transport insulin from distributor 
to health care facility, suitable 
rigid containers should be used to 
maintain the temperature between 
2 and 8°C and to reduce damage to 
medicines during transit”

(. . .)
“Store insulin in current use 

(pen, cartridge or vial) at room 
temperature (for a maximum 
of 6 weeks after initial use, and 
within the expiry date).

Store unopened insulin in an area of 
the refrigerator where freezing is 
unlikely to occur.

If no refrigeration facilities are available 
in the home, it is recommended to 
liaise with the nearest health facility 
for the storage of the unopened 
insulin.”

“Insulin vials should ideally be 
stored between 2-8°C in the 
middle compartment of a 
refrigerator.

In settings, where a 
refrigerator is not 
available, at higher room 
temperatures, the vial in use 
should be stored wrapped in 
a plastic bag in a cool place 
<25°C, in a clay pot or 
a flask and discarded in 
30 days.

If stored above 25°C it 
may be used for a few 
weeks and should be 
discarded in 2-3 weeks. 
Do not use insulin past the 
expiry date.

Extreme temperatures destroy 
insulin. Do not freeze insulin. 
If frozen by mistake, it 
should be discarded. Vials 
should not be exposed to 
direct sunlight or heat. Avoid 
storing in the kitchen, on 
top of electrical appliances 
or heaters. Do not keep vials 
in the glove compartment 
(cubby) of a car and leave in 
a stationary car with closed 
windows.

Prior to use, insulin vials 
should be inspected 
thoroughly. Soluble insulin 
should appear clear, 
colourless and have no 
floating particles.”
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comparing and testing clay pot cooling systems for when 
refrigeration is not available, Ogle et  al also mention how 
scarce public data on insulin stability is. They stress that more 
studies on thermal stability of insulin are needed to know 
when the use of cooling systems is warranted so that PwD can 
reassure whether the storage is adequate.39

The lack of consensus in guidelines and of recent stability 
studies might be reflected by a varying level of knowledge, 
awareness, and standard practice between HCPs and PwD. 
This would be of interest to investigate further with respec-
tive survey-based studies. From our point of view, there is 
also a need for systematic evaluation of insulin stability at 
different levels of the cold chain, with a clear focus on phar-
macies and storage in patients’ homes.

Summary

While insulin storage is well controlled and monitored dur-
ing the supply chain, optimal insulin storage is not and can-
not be guaranteed after dispensing, when used by PwD and 
when stored at home, since it was shown that household 
refrigerators bear a risk of storage at temperatures below 
freezing point in a number of cases. Further investigations 
are needed to examine possible links of insulin stability 
impairment and clinical outcomes in real-world use of PwD.

There is a lack of recent studies, scientific literature, and 
public information on insulin stability under different stor-
age conditions. More transparency would help PwD manage 
risks better and assess what deviations from the recom-
mended storage conditions mean for their therapy decisions. 
From a global perspective, better understanding about the 
impact of storage conditions on insulin stability would take 
away anxiety from PwD and their families, and health pro-
fessionals about this. There is a need for a better understand-
ing of PwD’s and HCP’s knowledge and awareness on 
insulin storage and for harmonized guidelines. This is in line 
with recent declarations that ask for developing a consensus 
statement and identification of needs for further research on 
insulin thermostability.61 Manufacturers should consider 
releasing more detailed information on insulin stability at 
varying temperatures. Evaluations of data from CGM sen-
sors, dosage of insulin, and temperature sensors will provide 
further insight into potential patterns of insulin sensitivity 
changes under real-world conditions. Development of ther-
mostable insulins is an interesting option to avoid many of 
the aspects discussed.62
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