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Abstract The use of fixed dose combination (FDC) drug

therapies has been world-widely accepted for long years

due to providing better disease treatment with enhanced

therapeutic efficacy and safety as well as improved patient

compliance and adherence, and reduced cost to patients

than single drug therapies. From many different perspec-

tives, the development of FDC products is likely a

promising approach to achieving clinical benefits and

business advantages in many classes of drugs. The ratio-

nale for drug combinations can be well established only

when the potential benefits are based on valid therapeutic

principles and substantiated by clinical evidences. Herein,

how combination products can be rationalized, individually

or combinedly, with respect to category of therapeutic

benefits, class of pharmacokinetic and pharmacodynamics

interactions, and type of combination effects is first dis-

cussed. Potential limitations of FDC products are to be

minimized through a careful assessment of benefits to risks

by selecting rational component drugs and their doses as

well as by either taking their efficacious interactions and/or

avoiding their non-efficacious interactions. A series of

step-wise product development strategies are necessary to

attain target product profiles of prospective oral FDC

products set based on their intended clinical use. This

review gives an overview of strategies for formulation

development of oral FDC products to be optimized dif-

ferently depending upon prior knowledge of single prod-

ucts and designated dosage regimens of the FDC products,

along with highlighting the current issues and challenges

arising in formulation development and evaluation on the

performance of FDC products.
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Introduction

Fixed dose combination (FDC) drug products, in which

two or more active pharmaceutical ingredients with dif-

ferent modes of pharmacological action are formulated in a

fixed proportional manner into a single dosage form, are

prevalent for the disease prevention and treatment in

almost all therapeutic areas (Desai et al. 2013; Kararli et al.

2014a; Pourkavoos 2012). The use of FDC drug therapies

has been widely accepted for long years due to providing

enhanced clinical effectiveness and safeness, improved

patient compliance and convenience, and reduced treat-

ment cost to patients over single drug therapies, which can

lead to increased patient adherence to the combination

therapy and eventually improved disease treatment and

management (Bangalore et al. 2007; Kararli et al. 2014b;

Mitra and Wu 2012; Pan et al. 2008). These benefits of

combination therapies may come out of only taking

appropriate, multiple target, fixed-ratio drug combinations,

and collectively reducing multiple risk factors of the rele-

vant diseases without increasing the risk of adverse effects

(Mitra and Wu 2012). FDC drug products have been
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playing important roles in treating human immunodefi-

ciency virus/acquired immune deficiency syndrome (HIV/

AIDS), malaria, tuberculosis and cardiovascular (CV)

diseases as well as have made significant contributions to

improving public health through enhanced patient care

and compliance with lower costs, as recognized by the

World Health Organization (WHO) and regulatory

authorities in many countries (EMA 2015; FDA 2015;

Orloff 2005; WHO 2005). As such, FDC products have

been increasingly licensed for the medical treatment areas

of communicable and life-threatening diseases over the

world (Kararli et al. 2014b, Pourkavoos 2012; WHO

2003). From a clinical (physician) perspective, FDCs can

offer enhanced therapeutic efficacy and safety profiles

with improved patient adherence and reduced develop-

ment of drug resistance (Bangalore et al. 2007; Desai

et al. 2013; Pan et al. 2008). Also, FDCs can benefit

patients through improved convenience and compliance,

reduced dosing unit burden, and cost savings. Especially,

elderly patients usually need multiple medications to treat

age related chronic complex diseases and their co-mor-

bidities. FDCs are more cost-effective than individual

drugs administered separately (Newman et al. 2008;

Pourkavoos 2012). The manufacturing and distribution

costs of FDC products are generally low compared with

separate products (Desai et al. 2013). From an industrial

perspective, pharmaceutical companies may have oppor-

tunities to maximize the value of their own single drug

products, to sustain their product’s life, and ultimately to

extend market exclusivity with a resultant increase in sales

and profits (Hiremath et al. 2011).

Likewise, the number of FDC products has increased

over the past two decades and the trend is likely to

continue on account of offering various clinical benefits

and business advantages in many drug classes (Hiremath

et al. 2011; Kararli et al. 2014b). Most combinations of

established drugs generally bring about low risk due to

less development activities and burdensome regulatory

process to approval because the safety and efficacy evi-

dences of individual drugs have already been secured

(Desai et al. 2013; Pourkavoos 2012). To this date, FDC

products have been developed mainly for substituting for

free combinations being frequently used, treating two

closely related diseases and resolving unmet needs of

patients insufficiently controlled by monotherapies

(Pourkavoos 2012). Recently, FDC drug products actually

hold a considerable portion ([25%) of the new drug

products approved by the Unite States (US) Food and

Drug Administration (FDA) (Desai et al. 2013; Kararli

et al. 2014a, b). A significant amount of world-widely,

newly approved drug products are FDC products which

keep most of the recent blockbusters in the global phar-

maceutical market. Accordingly, the market size of FDC

products has been growing (Hiremath et al. 2011; Pour-

kavoos 2012). Oral route of administration is most com-

monly used for FDC products, although parenteral,

inhalation, transdermal and transmucosal types of FDC

formulations are available. The oral FDC drug products

have been proven to be highly advantageous and tech-

nologically advanced in the treatment of various diseases

such as cancer, tuberculosis, HIV/AIDS, hepatitis B and C

virus infection (HBV/HCV), hypertension, dyslipidemia,

diabetes, pain and other CV diseases (Borghi and Cicero

2010; Farnier 2011; Sanz and Fuster 2009; Sica 2002).

Some selected examples of oral FDC drug products

recently approved in the US and worldwide market are

listed in Table 1. Predominant CV FDC products are for

hypertension and dyslipidemia, major infectious FDC

products are for HIV/AIDS and HCV, and diabetes is

most in metabolic FDC products (Desai et al. 2013;

Farnier 2011). Long-term concurrent therapies employing

oral FDC drugs are recognized to be more effective for

the patient populations with multiple chronic diseases that

are readily affecting to each other (Desai et al. 2013). As

the high risk patient population continues to grow, the use

of early combination therapy will likely increase by

proactively reducing the multi-morbidity, mortality and

organ damage (Liu et al. 2014; Kumar et al. 2008). To

maximize some potential of combination therapy to slow

down disease progression, more aggressive treatment with

earlier drug combinations has been investigated (Wood-

cock et al. 2011). Development strategies of rational FDC

drug products for the better treatment of complex and

refractory diseases are currently being explored within

global pharmaceutical industry (Kararli et al. 2014c).

Nevertheless, FDC products may bring about subopti-

mal effectiveness, unexpected adverse effects and safety

issues, inclusion of unneeded drugs, reduced dosing flexi-

bility and unacceptable dosage (WHO 2005; FDA 2015).

These limitations are to be minimized through a careful

assessment of benefits to risks by selecting rational multi-

ple target component drugs and their doses as well as by

using the most optimized product development strategies

(WHO 2003; Woodcock et al. 2011). Theoretical rationale

for drug combinations should be established prior to FDC

drug development and later substantiated by clinical evi-

dences. Besides establishing the rationale and target pop-

ulations for proposed combinations and accumulating the

development information of component drug products,

there exist substantial hurdles in fulfilling regulatory

requirements for approval during FDC product develop-

ment (Orloff 2005; Pourkavoos 2012). The formulation and

manufacturing development for acceptable FDC products

are certainly more complicated and require more activities

than those of the individual single products, which

undoubtedly carry various kinds of issues and challenges

616 C. Moon, E. Oh

123



(Siew 2015; Desai et al. 2013). Combination drug delivery

and formulation technologies available currently or being

developed need to be applicable to achievement of the drug

release and pharmacokinetic (PK) profiles of component

drugs inside FDC products realizing their designated

dosage regimens. Overall, a series of step-wise product

development strategies are necessary to attain target pro-

duct profiles of prospective FDC products set based on

their intended clinical use. In this review, a comprehensive

discussion is first presented on the rationale for developing

drug combinations, selection of component drugs and its

rationality. Focusing on oral FDC products, this review

also gives an overview of the strategies and technologies of

combination formulation development along with the pro-

duct performance evaluation.

Rationale for developing drug combinations

Unmet treatment needs

Treatment with single drugs acting on specific targets is

often evaluated to be suboptimal in the treatment and

management of complex and refractory diseases (Liu et al.

2014; Pourkavoos 2012). The existing drugs used for the

diseases may have some limitations, including suboptimal

efficacy and safety, serious side or adverse effects, short

duration of action, drug resistance, and/or anything else

that causes insufficient therapeutic effects. Although single

target drugs have distinct regulatory activities on their

designated targets, they cannot always exhibit desired

therapeutic effects on all the respective pathophysiological

Table 1 Selected examples of oral FDC drug products recently approved in the US and worldwide market

Indication Combination drugs Therapeutic action Brand (Company)

Hypertension Amlodipine besylate/

perindopril arginine

Calcium channel blocker/angiotensin converting

enzyme inhibitor

Prestalia� (Symplmed)

Hypertension Nebivolol/valsartan Beta adrenergic blocker/angiotensin II receptor

blocker

Byvalson� (Allergan)

Hyperlipidemia Ezetimibe/atorvastatin Cholesterol absorption inhibitor/HMG-CoA

reductase inhibitor

Liptruzet� (Merck)

Heat Failure Valsartan/sacubitril Angiotensin II receptor blocker/neprilysin

inhibitor

Entresto� (Novartis)

Secondary prevention of

cardiovascular & cerebrovascular

events

Aspirin/omeprazole Antiplatelet/proton pump inhibitor Yosprala� (Aralez)

Type 2 diabetes Metformin

HCl/canagliflozin

Biguanide/sodium-glucose co-transporter 2

inhibitor

Invokamet� (Mitsubishi

Tanabe/Johnson &

Johnson)

Type 2 diabetes Metformin HCl/

empagliflozin

Biguanide/sodium-glucose co-transporter 2

inhibitor

Synjardy� (Boehringer

Ingelheim/Eli Lilly)

Type 2 diabetes Empagliflozin/linagliptin Sodium-glucose co-transporter 2 inhibitor/

dipeptidyl peptidase-4 inhibitor

Glyxambi� (Boehringer

Ingelheim/Eli Lilly)

Hepatitis C Sofosbuvir/ledipasvir Hepatitis C virus NS5A inhibitor/NS5B

polymerase inhibitor

Harvoni� (Gilead)

Hepatitis C Ombitasvir/paritaprevir/

ritonavir

Hepatitis C virus NS5A inhibitor/NS3/4A

protease inhibitor/CYP3A inhibitor

Technivie� (Abbvie)

HIV/AIDS Dolutegravir sodium/

abacavir sulfate/

lamivudine

Integrase strand transfer inhibitor/nucleoside

analogue reverse transcriptase inhibitors

Triumeq�

(GlaxoSmithKline/

Shionogi)

HIV/AIDS Raltegravir/lamivudine HIV-1 integrase inhibitor/nucleoside analogue

reverse transcriptase inhibitor

Dutrebis� (Merck)

Obesity Bupropion HCl/naltrexone

HCl

Norepinephrine-dopamine reuptake inhibitor/

opioid receptor antagonist

Contrave� (Takeda/

Orexigen)

Dementia (Alzheimer disease) Donepezil HCl/memantine

HCl

Acetylcholinesterase inhibitor/NMDA receptor

antagonist

Namzaric� (Allergan/

Adamas)

Nausea & vomiting Netupitant/palonosetron

HCl

Human substance P/neurokinin 1 receptor

antagonist/5-HT3 receptor antagonist

Akynzeo� (Roche/

Helsinn)

Cystic fibrosis Ivacaftor/lumacaftor Cystic fibrosis transmembrane conductance

regulator (CFTR) stabilizer/CFTR potentiator

Orkambi� (Vertex)
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characteristics (Liu et al. 2014). Any single targets can

rarely produce satisfactory therapeutics for the treatment of

many complex diseases. Also, any active compounds with

lack of perfect selectivity can interact with off-targets other

than their primary targets and all the targets can have other

physiological functions in addition to their roles in prin-

cipal actions, which may cause unexpected side effects. As

such, novel or better therapeutic outcomes can hardly be

achieved with even larger doses of single target drugs. CV

diseases and their complications have multiple pathogen-

esis and are the end result of complex pathophysiology

from metabolic diseases, which require multiple target drug

therapies (Kumar et al. 2008; Sanz and Fuster 2009).

Combination drug therapies for CV disease treatment and

prevention become highly recommended options to prevent

or delay the multiple morbidity and mortality pertinent to

CV diseases and their risk factors (Orloff 2005; Sanz and

Fuster 2009). A particular patient group has unique

Table 3 Data and information requested for demonstrating the contribution of each API to the effect of a combination (FDA 2015)

Category Requirement

Combinations in which the effect of each API is directed at the

same sign or symptom of a disease or condition

A factorial study would have the FDC and the individual APIs and be

designed to demonstrate that the effect of the combination is greater than

that of each API

Combinations in which one API is intended to provide a direct

effect to improve the efficacy or safety of another API

A clinical trial comparing the combination to the disease-active ingredient

alone would have to demonstrate superior safety or effectiveness of the

combination to that of the disease-active ingredient alone

Combination in which the APIs are directed at different signs or

symptoms of a disease or condition

A clinical trial would have to demonstrate that the APIs are effective

individually and do not interfere with one another. Factorial study may be

required

Combinations in which the APIs are directed at different diseases

or conditions

PK data which demonstrate that the APIs are effective individually and do not

interfere with one another

Table 2 Rationale for evidence-based drug combinations

Category Description

Therapeutic benefits

Potentiation of therapeutic

activity

An enhanced efficacy with a similar safety/tolerability profile, or a similar efficacy with an improved

safety/tolerability profile, i.e., more effective than the higher doses of component drugs with similar side/

adverse effects, or as effective as the higher doses of component drugs with lower side/adverse effects

Improvement in symptomatic

and PK profile

Increase in the pharmacological intensity and duration of one component drug produced through changes in

its PK caused by other components not previously approved for the relevant indications, alternatively,

improvement in the safety profile of one drug achieved by diminishing its dose-related side/adverse

effects based on some interactions with other components

Improvement of patient

compliance

Better therapeutic outcomes, without benefits of enhanced efficacy/safety, anticipated by the improved

patient compliance obtained from simplified therapies

Drug interactions

PD interactions Effects of one drug at its action site modified by another drug: classified into acting on same targets and

acting on different targets in same or different biological pathway

PK interactions Absorption, distribution, metabolism and excretion behaviors of one drug altered by another drug: classified

in terms of regulation of drug transport and distribution, and interaction of drug metabolism and

elimination

Combination effects

Additive or synergistic effect Affecting the same PD end-point (marker or surrogate) with different pharmacological mechanisms and

contributing to additive or synergistic effects on reduction of disease severity and risk

Complementary effect Affecting different PD end-points and contributing to additive or synergistic effects on reduction of disease

risk and complications

Cooperative effect One of component drugs with different pharmacological mechanisms can affect the activity of the other,

leading to enhancement of effectiveness, reduction of adverse effects, drug resistance and/or abuse

potential

Convenience effect Convenience and improved patient compliance by simplifying drug therapies and reducing dosage unit

burden
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characteristics in terms of age, physical state of functions,

pathophysiological conditions, co-existing diseases, dif-

ferentiated drug response and resistance, pharmacogenetics

and genetic polymorphism affecting PK and pharmacody-

namics (PD). This may need appropriate selection of drugs

with different pharmacological mechanisms suitable for the

patient groups, and reasonable determination of their doses

and dosing frequency (Pourkavoos 2012).

Rationale for drug combinations

A potential combination of drugs would be therapeutically

effective for the treatment and risk reduction of a target

disease if the combination drug therapy could demonstrate

better clinical outcomes than any of the single drug ther-

apies (Mitra and Wu 2012; Pourkavoos 2012). The ratio-

nale for drug combinations can be well established only

when the potential benefits are based on valid therapeutic

principles and substantiated by clinical evidences (Orloff

2005; Pourkavoos 2012), as summarized in Table 2. The

combination of drugs with different modes of action from

which each drug shows principal effects to treat same

pathophysiological signs or symptoms are generally

rationalized according to the following categories of ther-

apeutic benefits or advantages:

1. There is an addition or potentiation of the therapeutic

activities of individual drugs resulting in an enhanced

efficacy with a similar safety or tolerability profile, or a

similar efficacy with an improved safety or tolerability

profile. A FDC product can be more effective than the

higher doses of component drugs with similar side or

adverse effects, or as effective as the higher doses of

component drugs with lower side or adverse effects.

This rationale basically comes from potential additive

or synergistic effects involving PD and PK interactions

of individual component drugs, and/or their reduced

doses when combined. A number of marketed FDC

drug products have been developed on the basis of

enhanced efficacy and/or tolerability, including an

antihypertensive with another antihypertensive (e.g.,

lercanidipine with enalapril), an antihypertensive with

a diuretic (e.g., telmisartan with hydrochlorothiazide)

and an antidiabetic with another antidiabetic (e.g.,

glipizide with metformin) (Borghi and Cicero 2010;

Mandal and Pal 2008; Rosenthal and Gavras 2006;

Sica 2002) The lower dose combination of the calcium

channel blocker (CCB), lercanidipine and the angio-

tensin converting enzyme (ACE) inhibitor, enalapril

has greater blood pressure lowering efficacy than the

higher dose of either component alone as well as is

well tolerated with similar adverse effect rates to the

single drug therapies (Borghi and Cicero 2010; Wald

et al. 2009).

2. This category of clinical benefits is improvement in

symptomatic and PK profile using at least one

component not previously approved for a relevant

indication. The pharmacological intensity and duration

of one component drug can be increased through

changes in its PK behaviors caused by other compo-

nents. Alternatively, the improved safety profile of one

drug can be achieved by diminishing its dose-related

side or adverse effects on the basis of some interac-

tions with other components. The addition of booster

agents (e.g., cobicistat) is for enhancing the antiretro-

viral effect of protease and integrase inhibitors (e.g.,

ritonavir and darunavir) (Marzolini et al. 2016;

FDC for two or 
more drugs

Physicochemical 
compatibilityYes No

Similar Dissolution 
ProfileYes No

Monolithic systems

Very low drug 
loading

Yes

Active coating

No

Bilayer/multilayer 
tablets Multiparticulates

Fig. 1 Decision tree for the

formulation design of a FDC
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Putcharoen et al. 2015; Shah et al. 2013). A combi-

nation of buprenorphine, a partial opioid agonist and

naloxone, an opioid antagonist is used to minimize the

opioid addiction of buprenorphine.

3. Better clinical outcomes without benefits of enhanced

efficacy and safety may be reasonably anticipated by the

improved patient compliance derived from the simpli-

fied therapies with drug combinations. A combination

drug product has a single dosage form and is supposed to

provide a dosing regimen unified for the component

drugs that are contained in separate dosage units and

administered on different dosing schedules in single

drug therapies, which can reduce dosage unit burden,

simplify disease medication and management, and

improve patient adherence to the combination therapy.

The improved patient compliance and adherence can

lead to better patient care and clinical outcomes

particularly for patients taking several medicines at the

same time as well as for complex and refractory diseases

to be treated in a long-term with heavy schedules of

relevant multiple drugs (Bangalore et al. 2007; Pan et al.

2008). Novel combination drug products should have at

least one or more clinical benefits or advantages.

The enhanced efficacy and safety profiles shown in

rational combination drug products are substantially asso-

ciated with drug interactions, PD interactions in which the

effects of one drug are modified at its action site by another

drug, and PK interactions in which the absorption, distri-

bution, metabolism and excretion behaviors of one drug are

altered by the other drug (Jia et al. 2009; Liu et al. 2014).

The enhanced efficacy and safety can be the results from

the sum of independent actions of individual components

and/or their beneficial PD and PK interactions. The PD

interactions can be grouped, based on the action sites

(targets) of active ingredients, into acting on same targets

and acting on different targets in the same or different

biological pathway. The PK interactions can also be clas-

sified into four groups, which are regulation of drug

transport (or permeation) and distribution, and interaction

of drug metabolism and elimination. The PD and PK

interactions are mutually related and multiply involved in

the therapeutic effects of drug combinations at the same

time. There are examples of efficacious PD interactions:

Emodin complements the inactivation of protein kinase B

by celecoxib and the combination has synergistic effect of

enhanced growth repression (Lai et al. 2003), and exe-

natide decreases rosiglitazone-associated myocardial

infarction and the combination can increase the antidiabetic

efficacy (Zhao et al. 2013). There are examples of effica-

cious PK interactions: probenecid inhibits the renal tubular

secretion of ciprofloxacin to prolong the plasma retaining

time of ciprofloxacin, and anamorelin (ghrelin mimetic)

elevates the absorption rate of zolmitriptan (antimigraine

drug) to improve the migraine treatment (Hiremath et al.

2011; Liu et al. 2014).

Further, the four types of combination effect can be

individually or combinedly used to establish the thera-

peutic rationale for combination drugs (Liu et al. 2014;

Orloff 2005; Pourkavoos 2012):

1. The first type is additive or synergistic effect. The

individual component drugs in combination drugs

affect the same primary PD end-point (marker or

surrogate) with different pharmacological mechanisms

and can make contributions to additive or synergistic

effects of the combinations on the reduction of disease

severity and risk. This type of additive effect is

common in antihypertensive, antiviral and antidiabetic

combinations. Another example is a combination of a

statin and ezetimibe which lower both plasma choles-

terol levels. A statin inhibiting endogenous cholesterol

synthesis as a HMG-CoA reductase inhibitor and

ezetimibe inhibiting intestinal cholesterol absorption

are combined to work additively, as clinically found, to

lower CV and cerebrovascular risks and events perti-

nent to elevated low density lipoprotein cholesterol.

The coverage of prolonged period in allergy relief is a

result of additive effect from the combination of short-

acting pseudoephedrine and long-acting loratadine.

Additionally, synergistic effects from combination

drugs may potentially bring about enhanced efficacy

and tolerability by reducing their doses or developing

new formulations and administration methods. The

combination of two antiplatelet drugs, aspirin and

extended-release dipyridamole, was found to have

synergistic effects, showing significantly better effi-

cacy of reduced risk of stroke than the co-administra-

tion of the two drugs (Serebruany et al. 2004).

2. The second type is complementary combination effect.

The individual component drugs in combination drugs

address different primary PD end-points and can make

contributions to additive or synergistic effects of the

combinations on the reduction of disease risk and

complications. This complementary effect often

appears in the combinations of an antihypertensive or

antidiabetic with a statin (e.g., amlodipine with

atorvastatin, olmesartan with rosuvastatin, sitagliptin

with simvastatin and metformin with rosuvastatin).

The coexistence of hypertension and dyslipidemia or

type 2 diabetes and dyslipidemia has been reported to

be prevalent and cause the increase in CV risk factors

and their interactions (Karim et al. 2013; Park et al.

2016a, b). These combination therapies can be effec-

tive for comprehensive control of complex coronary

heart diseases and their complications.
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3. The third type is cooperative combination effect. One

of component drugs with different pharmacological

mechanisms can affect the activity of the other to

provide the combination with an optimized balance of

therapeutic efficacy and safety, which may lead to

enhancement of effectiveness, reduction of adverse

effects, drug resistance and/or abuse potential of the

component drug(s). In the cooperative drug combina-

tions, examples include amoxicillin plus clavulanic

acid (effectiveness of amoxicillin enhanced by clavu-

lanic acid, an inhibitor of b lactamases), aspirin plus

omeprazole (adverse effect of aspirin alleviated by

omeprazole, a proton pump inhibitor), rifampicin plus

isoniazid (drug resistance of rifampicin reduced by

isoniazid, an antituberculosis agent), and diphenoxy-

late plus atropine (decreased abuse potential from the

opioid-like effect of diphenoxylate counteracted by the

anticholinergic effects of atropine).

4. The last type of combination effect is convenience and

improved patient compliance by reducing dosage unit

burden. The combination drugs, usually so called

‘‘polypill’’, containing several component drugs with

different pharmacological mechanisms address com-

plex and refractory coexisting diseases and/or their

multiple risk factors. For example, this type of drug

combinations of convenience, i.e., multiple combina-

tions of antihypertensive, anticholesterol, antidiabetic

and antiplatelet drugs, can collectively regulate a

number of risk factors caused by the coexistence of

hypertension, dyslipidemia, diabetes and/or obesity.

Many combinations of several antiretroviral agents are

cocktail therapies in HIV/AIDS, with reduced dosing

burden and cost, to raise the genetic barriers to HIV

replication and to lower the probability of drug

resistance.

However, drug combinations may have toxicities,

additive or synergistic adverse effects coming from com-

bination of active components itself and increased chances

of their multiple unbeneficial interactions. Any irrational

selection of active components and their doses may also

cause undesired therapeutic effects, serious side or adverse

effects and exposure of patients to unnecessary drugs

(Gautam and Saha 2008). Additional disadvantages deriv-

ing from fixed dose formulations include lack of dosing

flexibility, misidentification of causes for undesirable

effects and instability of FDC products (WHO 2003; Desai

et al. 2013). The ratio of benefit to risk for a FDC product

should be at least as good as that of its individual com-

ponent drugs. A careful assessment of potential benefits to

possible risks should be conducted based on unmet treat-

ment needs and characteristics of a defined patient popu-

lation to obtain solutions giving a reasonable balance

between of therapeutic benefits and risks. These limitations

could be minimized by selecting rational multiple target

component drugs and their doses, taking their efficacious

interactions and/or avoiding their non-efficacious interac-

tions as well as by using optimized product development

strategies (Liu et al. 2014; Pourkavoos 2012).

Selection of component drugs and its rationality

In order to justify the potential rationale for a combination

drug with intended therapeutic indications, the foremost

mission is to select the most appropriate active components

therapeutically contributing to its desired combination

effects and efficacious drug interactions (Pourkavoos

2012). A combination of therapeutic targets necessary for

the combination drug is first selected based on the patho-

genesis and pathophysiological characteristics of targeted

diseases. Following proposed selection of combination

components, theoretical potential of the drug combination

effects is later evaluated using the pharmacological and

biopharmaceutical properties of the component drugs and

the previously accumulated information of their single drug

products. Careful considerations must be given to the

mechanisms and targets of action, and PK properties of the

component drugs (Mitra and Wu 2012). The theoretical

rationale for the combination effects and benefits (i.e.,

improved efficacy and safety to the patient population) is

established through PK and PD characterization of the

combination drug. When accepted PD biomarkers for

clinical effectiveness are available, the effects of the indi-

vidual components and the combination drug on the PD

end points can be studied and may be sufficient for evi-

dencing the contributions of the component drugs as well

as establishing the therapeutic efficacy and safety of the

combination drug (Orloff 2005). Previously approved sin-

gle-target and multi-target drugs are mostly chosen as

active ingredients of most FDC products for multiple target

treatment. The well-documented development data and

information of established drugs often prescribed con-

comitantly may minimize the number of new studies nee-

ded to establish efficacy and safety of the proposed

combination drug (Pourkavoos 2012). The component

drugs having similar PK behaviors are favorable. Their

different PK requires particular formulation strategies and

technologies to resolve the issues of their inconsistent

dosage and dosing frequency.

The examples of rational selection of component drugs

include a progestin with a validated estradiol analog, an

antihypertensive with hydrochlorothiazide, an antihyper-

tensive with a statin, an antidiabetic with metformin, an

antihistamine with pseudoephedrine and so forth. There are

many cases of irrational selection of component drugs. The

addition of niacin and laropiprant to a statin did not reduce
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the risk of major vascular events but elevated the serious

adverse effects (The HPS2-THRIVE collaborative group

2014). The combinations of aliskiren (renin inhibitor) with

ACE inhibitors or angiotensin receptor blockers (ARB) are

not recommended for hypertensive patients with diabetes

because they cause the risk of renal impairment, hypoten-

sion and hyperkalemia. The addition of acetaminophen to

nimesulide did not enhance the therapeutic efficacy but

increased hepatotoxic effects. The FDC products of qui-

nolones and nitroimidazoles can increase antibiotics resis-

tant strains of microorganisms rapidly. Rationale for the

selection of component drugs should consider their rea-

sonable doses and dosing frequency. Their doses can be

increased or decreased but their ratio is fixed in FDC

products, which is particularly problematic if both com-

ponent drugs require dose titration. The dose strengths of

the individual components need to be considered to be able

to allow flexibility of dosing. Low dose combination drug

therapy has the chance of reducing dose-related adverse

effects and improving efficacy (Wald et al. 2009). FDC

products should contain the appropriate drug ratios and

minimal doses that are safe and effective in a significant

proportion of the defined patient populations. The number

of FDC dose strengths should be finalized through devel-

opment needs and regulatory guidelines because it impacts

the key clinical study designs. Developing too many dose

FDC products could nullify the object of creating a sim-

plified combination therapy (Pourkavoos 2012).

Regulatory considerations on oral FDC drug
products

The WHO guidelines to assure safe and effective use of

FDCs require that ‘‘New FDC drugs are regarded as new

drugs in their own right. They are acceptable only when the

dosage of each ingredient meets the requirements of a

defined population group, and the combination has a pro-

ven advantage over single compounds administered sepa-

rately in terms of therapeutic effect, safety or compliance.

They should not be treated as generic versions of single-

component products.’’ (WHO 2003, 2005). The US FDA’s

policy on the approval of FDC products for humans states

that ‘‘Two or more drugs may be combined in a single

dosage form when each component makes a contribution to

the claimed effects and the dosage of each component

(amount, frequency, duration) is such that the combination

is safe and effective for a significant patient population

requiring such concurrent therapy as defined in the labeling

for the drug.’’ (FDA 2006, 2015). European Medicines

Agency (EMA) also guides the similar rule for FDC

products (EMA 2015).

In summary, for the global approval of a FDC product,

there should be unequivocal evidences for the following

requirements but not limited to: (1) there are its demon-

strable medical needs; (2) its rationale and patient popu-

lation are established; (3) it contains the appropriate ratios

and minimal doses of its component drugs; (4) all the

classes of information of its component drugs are docu-

mented; (5) it has clinical safety and efficacy for its patient

population; (6) the ratio of its benefits to risks is at least as

good as that of its component drugs; (7) the contribution of

each of its individual components to its claimed effects is

established; (8) its PD and PD studies in healthy subjects,

patients, and high-risk subgroups are performed; (9) its

beneficial and unbeneficial PK and PD interactions are

analyzed; (10) all the categories of information of its

chemistry, manufacturing and control, and quality are

documented; and (11) all the levels of information of its

stability are documented.

Formulation development of oral FDC drug
products

Formulation development challenges and strategies

Formulation development and manufacturing of accept-

able FDC products are certainly more complicated and

require more activities than those of the individual single

products, which undoubtedly carry various kinds of issues

and challenges (Siew 2015; Desai et al. 2013). The high

complexity arises from formulation processes for putting

together two or more component drugs with different

physicochemical and biopharmaceutical properties into a

single dosage form from which is designed to exhibit new

drug performance, differently from their single formula-

tions. New issues and challenges usually unhappened

before the combination may include the followings: (1)

dose proportionality and dose ratios of active components:

(2) number of dose strengths of active components; (3)

physicochemical incompatibility between active compo-

nents or active components and excipients used in the FDC

formulation; (4) drug–drug interactions; (5) changes in

drug release (or dissolution) and PK profiles of active

components; (6) development needs of various simultane-

ous analytical and testing methods for active components;

(7) development needs of new combination formulation

and drug delivery technologies: (8) increase in dosage bulk

volume (or weight); (9) undesirable processing and man-

ufacturing characteristics; (10) increase in quality attri-

butes; and (11) increase in stability testing items.

Multiple dose strengths are common in FDC products.

The number of dose strength combinations may have a
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profound impact on the technical complexity of formula-

tion design, manufacturability, productivity, and bioe-

quivalence (BE) studies. To cope with this issue, alterative

dosage forms and formulation options need to be proac-

tively prepared. For FDC products with dose proportion-

ality which can accommodate the formulation

development, it is possible to obtain bio-waivers for the

lower dose strength combinations after establishing the BE

for the highest dose strength combination. However, dis-

proportionate drug dose combinations are challenging in

achieving good content uniformity and process optimiza-

tion. The different physicochemical properties in solid and

solution state as well as processing characteristics of

individual component drugs should be carefully considered

for the formulation design and process development of

FDC drug products. Also, the component drugs need to be

classified according to biopharmaceutics classification

system (BCS) to identify what formulation design and

technologies are to be used for controlling drug release,

absorption and BE. Solubilization and absorption

enhancement technologies are used to secure BE and to

improve bioavailability (BA). Simultaneous analytical and

testing methods for active components should be devel-

oped in advance, where there exists difficulty. The active

components composing a FDC product should be assessed

for physicochemical compatibility, along with their

excipients, to ensure that either their impurities are not

generated or unfavorable drug–drug interactions are pre-

vented. Incompatibility among active components can lead

to physicochemical instability of the FDC product, loss of

BA and safety issues which are challenging in developing a

viable FDC product. Compatibility test in FDCs are always

the first step in formulation design and process develop-

ment. In drug–drug and drug–excipients incompatibility

cases, it is critical to formulate FDC products to mitigate

such interactions by keeping the active components

separated.

A FDC product is supposed to provide a dosing regimen

unified for the component drugs that are contained in

separate dosage units and administered on different dosing

schedules in single drug therapies. The FDC product

requires a formulation platform for managing two or more

drugs in a single unit to be separately released at proper

rate and duration at different action sites. Each drug needs

a release unit exhibiting its own drug delivery program,

assembly of two or more systems stuck together to form a

single dosage form. Although there are several ways to

assess the equivalency between a FDC and co-administered

individual single products, establishing BE is a very

favorable approach compared to therapeutic equivalence as

a clinical strategy for FDC development due to shorter

development timeline and less resource intensive (Mitra

and Wu 2012). In general, achieving BE between FDC

product and individual single products is much more dif-

ficult than demonstrating BE of different formulations of a

single drug. In addition to the increase in failure possibility

due to multiple PK end-points, there are other challenges in

achieving BE that are unique to FDC products. Drug–drug

interactions in FDC products and possible food effects on

the drug components need to be evaluated carefully. Some

drugs may have positive or negative food effects. In case of

positive food effects, the drug BA is increased significantly

in a fed state compared to in a fasted state. The BE failure

risk is high for BCS Class IV drugs (drugs with low sol-

ubility and low permeability) compared to other BCS

classes of drugs. The potential BE failure risk also needs to

be considered in selecting the FDC formulation option.

Dosage form design and formulation technologies

The selection of FDC drug formulations is mainly based on

(1) the physicochemical compatibility among the active

pharmaceutical ingredients (APIs) as well as their excipi-

ents, (2) the similarity of drug release profiles, and (3) the

drug loading of APIs. An example decision tree for the

formulation design of a FDC product is shown in Fig. 1.

These challengeable hurdles make the FDC delivery sys-

tems more complex than single API product.

Monolithic systems

The drugs which are compatible with each other and

require the similar dissolution profiles can be combined in

a single homogeneous system. The monolithic FDC tablet

consists of mixed two or more APIs in single layer tablet.

Since it is easily prepared using conventional single-layer

tablet presses, the monolithic system is the first choice to

develop FDC tablets. Although it is simple in developing

formulation and manufacturing process, the suitability of

the drugs in monolithic systems should be thoroughly

investigated. In case of FDC drugs combined the drugs of

which absorption mechanisms are different such as the

combination of BCS Class II and BCS Class III drugs, the

dissolution rate of poor soluble drug, i.e. the BCS Class II

drug, may be decreased in FDC formulation, thereby

changing its BA (Desai et al. 2013). Although telmisartan

and hydrochlorothiazide require the similar immediate

release profiles, an alkaline excipient which can degrade

hydrochlorothiazide is required for telmisartan formula-

tion, which is not recommended in monolithic system

(Nakatani et al. 2014).

Non-monolithic systems

Since the close contact between drug–drug or drug–ex-

cipients can facilitate incompatible drug interactions in
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monolithic systems, APIs unacceptable in monolithic sys-

tem in FDC have to be separated. API-separation tech-

nologies in FDC include bilayer/multi-layer tablets,

multiparticulate systems, active coating and hot melt co-

extrusion approach.

Bilayer/multi-layer tablets

Bilayer/multi-layer tablets composed of two or more

compressed layers can be one of the best options to cir-

cumvent physicochemical incompatibilities of APIs or to

achieve the different drug release profiles of each drug in a

single dosage unit by physical separation. Several advan-

tages over the conventional tablets were reported in liter-

ature as listed below:

1. Bilayer tablets are designed to deliver two or more

APIs, which can reduce the pill burden thereby

improving patient compliance (Bangalore et al. 2007;

Bergmann 2008; LaForce et al. 2008).

2. Physicochemical incompatible two APIs can be in one

bilayer tablet (Efentakis and Peponaki 2008; Vaithiya-

lingam and Sayeed 2010).

3. Different release profile requiring APIs can be com-

bined in a single bilayer tablets (Nirmal et al. 2008;

Shiyani et al. 2008).

4. Bilayer tablets can be developed to extend the life

cycle of drug product (Abebe et al. 2014).

5. Bilayer tablets may enhance the efficacy of APIs due

to their synergistic or additive effects (Serebruany

et al. 2004).

For example, the bilayer tablet of extended-release meto-

prolol succinate, a beta-1 (cardio-selective) adrenoceptor-

blocking agent, and immediate-release hydrochlorothiazide, a

well-established diuretics is more effective than monotherapy

with the individual components to lower elevated blood pres-

sure (Hainer et al. 2007). Although bilayer tablet approach is a

common, economic and reliable FDC technology, there are

some challenges attributed to the mechanical and compression

of bilayer tablet for formulation design,manufacturing process,

controls and product performance requirements. Some of the

key challenges are accuracy in weight control of individual

layers (Abebe et al. 2014), delamination at the non-planer

interface between the adjacent compacted layers during man-

ufacturing and storage (Abdul and Poddar 2004), insufficient

tablet hardness and friability (Abdul and Poddar 2004), cross-

contamination between the layers (especially for incompatible

APIs) (Akseli et al. 2010), and reducedyield (Abdul andPoddar

2004). To overcome these challenges it is critical to understand

the mechanical properties of the materials and bilayer pro-

cessing parameters for the characterization of bilayer tablets.

Elastic mismatch between the layers in a bilayer tablet

caused from the differences of material properties

(plasticity and brittleness) in each layer induces delami-

nation. It was reported that the nature of materials played a

critical role on the strength of the interface and individual

compacts and also on their mode of fracture (Akseli et al.

2010; Kottala et al. 2012b). In general, the decrease of the

surface roughness of the first layer increases the propensity

of delamination due to the low mechanical interlinkage.

Therefore, the compression force for the first layer which

can affect the tensile strength of the first layer and surface

roughness plays a critical role in delamination (Desai et al.

2013). Since brittle materials in the first layer can produce

the large surface area effectively to enhance interlocking

the adjacent layers, it is preferable to select brittle materials

with higher fragmentation tendency as the first layer (Desai

et al. 2013). The lubricant used for reducing the friction

between the blends with dies and punches during the

compression may affect the interfacial interaction between

the adjacent layers. Therefore, the level of lubricant also

has to be assessed in formulation and process development

for bilayer tablets (Abebe et al. 2014).

There are some benefits of physical integrity evaluation

of bilayer tablets in early formulation development such as

measurement of the interfacial strength in bilayer tablets,

detection of unusual or extreme properties of compacted

layers, building rationale strategy to guide formulation and

manufacturing processes, understanding the mechanism of

material failure and so on (Abebe et al. 2014). Physical

integrity including fracture and delamination of bilayer

tablets is evaluated by conventional hardness and friability

test. X-ray micro-computed tomography is a three-dimen-

sional imaging technique, which can be used as a non-

invasive determination of the density of a material, visu-

alization of the delamination and fracture patterns inside

the tablets (Akseli et al. 2010). Inman et al. characterized

the topographic profiles and quantitative roughness and

fracture of surfaces at the interface of the bilayer tablets

using non-contact laser profilometry (Inman et al. 2008).

As the process analytical technology (PAT) has been

developed, terahertz pulsed imaging using interface index

(Niwa et al. 2013) and near infrared (NIR) transmittance

spectroscopy (Ito et al. 2010) were introduced in determi-

nation the interfacial strength of bilayer tablets. Ito et al.

demonstrated the control of API contents in two separate

layers of intact bilayer tablets using calibration models for

nondestructive NIR (Ito et al. 2010).

As aforementioned, bilayer tablet approach is a conve-

nient approach to formulate incompatible drugs or to

enable an immediate release loading dose and another

sustained release dose in a single dosage unit. In severe

incompatible cases, the buffer layer can be inserted

between the two layers to prevent direct contact of two

APIs. To prevent the chemical reactions between aspirin

and pravastatin which is unstable under acidic condition, an
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alkaline buffering layer can be added between each drug

layer (Desai et al. 2013). Since the drug release profiles in a

layer can be affected by the API or excipients in the other

layer by changing the microenvironment, the impact of

another drug’s in vitro dissolution profile should be

evaluated.

In general, similar level of formulation in each layer is

preferred to mitigate the challenges in bilayer tablet

development. Composition similarity of the two layers

subsequently lead to similarities of the physical and

mechanical properties of the granular/powder materials for

tablet compression and swelling capacity may lead to layer

separation at the interface under highly humid condition.

Practically, the layer ratio is 1:1 or 1:2 weight ratio

between the two layers. Although a layer ratio of up to 1:6

can be encountered in bilayer tablet formulation, it will be

a greater challenge to maintain the consistency as the

disproportionate ratio increases (Kottala et al. 2012a). To

assure the content uniformity of the APIs in bilayer tablets,

the weight in each layer has to be controlled with accuracy.

Commercially-available bilayer tablet machines provide

their own weight control system to monitor the first layer

weight and the second bilayer weight.

Multiparticulate systems

Most multiparticulate systems for FDC contain pellets

prepared by extrusion/spheronization or layering the drug

solution or suspension onto sugar pellets and/or granules

compressed into tablets or encapsulated into capsules. The

pellets processed by extrusion/spheronization give some

advantages in process development such as narrow particle

size distribution of the pellets with low friability (Desai

et al. 2013). Coated pellets are commonly applied in oral

modified release. Pellets loaded with different drugs as

FDC can be combined in a single dosage form, which

allows each drug to achieve desirable drug release profile

irrelevant to drug compatibility. In addition, the pellets can

be applied to improve stability for chemically unstable and

moisture sensitive drugs such as dipeptidyl peptidase IV

(DPP-IV) inhibitors by coating with various seal coats and

moisture barriers (Burke et al. 2013).

Multiparticulates offer therapeutic advantages over sin-

gle-unit dosage form such as capsules or tablets; the pellets

are distributed evenly throughout the gastrointestinal tract,

thereby reducing the risk of toxicity caused by high local

drug concentration and improving BA with low inter- or

intra-individual variations (Zeeshan and Bukhari 2010).

Furthermore, drug release profiles can be easily modified

by simply mixing pellets with different release character-

istics. For the treatment of drug–resistant tuberculosis,

FDC of tablet is recommended. A first-line anti-tubercular

drug, rifampicin is easily degraded in the presence of

isoniazid and interacts with other drugs. The formulation of

pellet form for each API in FDCs can eliminate the drug

interaction and drug degradation (Sapte 2004). However,

there are some challenges with compression of coated

pellets including rupturing of coated film for controlled-

release characteristics particularly for water-soluble drugs,

thereby to date, only a few pellet- containing tablet prod-

ucts are commercially available (Dashevsky et al. 2004).

Highly compressible microcrystalline cellulose, Ceolus

KG-801, is one of the suitable compression excipients to

protect coated pellets containing a freely water-soluble

drug during the compression (Zeeshan et al. 2009). The

technical complexities of unique pellet manufacturing

equipment and process including palletization by extru-

sion-spheronization are still major challenges to applica-

tion of multiparticulates for commercialization (McConnell

et al. 2009).

Active film-coating approach

Tablet coating is a common drug manufacturing process

for protection for the tablet core or modification of drug

release. Active film-coating, API integration into the

coating layer, enables the development of FDCs which

maintain two different drug release profiles with mini-

mizing chemical interactions of an extended release dose in

the tablet core and an immediate release dose in the coating

layer (Rege et al. 2002). Environment-sensitive drugs such

as compression sensitive drugs or acid-/base-labile drugs

can be protected by incorporating into active coating layer

in FDC formulation. Relatively high drug to excipient ratio

in the film coat of non-reactive coating material improves

the its chemical stability (Desai et al. 2012). In addition,

active coated tablets are easy-to-swallow with reduced

dosage size comparable to bilayer tablets. Furthermore,

active film coating technology allows the effective delivery

platform for disproportionate FDC containing a low-dose

API and a high-dose API (e.g. 2 mg of glimepiride-coated

500 mg of metformin extended-release tablet) without

other specialized equipment or process in palletization

(Kim et al. 2012).

The major challenges for active film coating are end-

point determination, content uniformity, efficiency, and

stability which are affected by process parameters and drug

properties. The end point of the coating process is esti-

mated by the gain in tablet weight or quantity of coating

suspension sprayed. During the coating process, weight

gain and the amount of API deposited are periodically

determined in tablet samples. Kim et al. suggested NIR

spectroscopy as an analytical tool for determining the end-

point (Kim et al. 2012). The coating uniformity can be

divided into the intra-tablet coating uniformity and the

inter-tablet coating uniformity (Tobiska and Kleinebudde
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2003). The intra-tablet coating uniformity can be charac-

terized by terahertz pulsed imaging (TPI) which can pro-

vide the information on tablet film coating layer thickness

and variations in coating density as an analytical tool for

monitoring a film coating unit operation (Ho et al. 2009).

Optical coherence tomography (OCT), a non-invasive

analysis technique allowing fast and high-quality cross-

sectional imaging of scattering media, can also applied for

the characterization of coating by providing the informa-

tion of layer thickness and homogeneity, tablet weight gain

and tablet diameters (Koller et al. 2011). The inter-tablet

coating uniformity can be determined by TPI, mass uni-

formity, content uniformity or computational simulation

tools like the discrete element method (DEM) (Just et al.

2013).

Hot-melt co-extrusion approach

Hot-melt extrusion (HME) is a technology to reduce

polymer viscosities at higher temperature and increasing its

surface area, thereby improving compression characteris-

tics of the homogeneous granules containing drug and

polymer. It offers unique advantages over conventional

pharmaceutical technologies such as continuous manufac-

turing process with fewer processing steps, cost-effective-

ness, ease of processing scale-up, good content uniformity,

decreased environmental implications and the possibility of

improving drug solubility (Tiwari et al. 2016). HME

technology is particularly suitable for high drug-loading

formulation, thus, beneficial for FDC formulation.

Hot-melt co-extrusion is a technology to produce a

multi-layered extrudate by extruding simultaneous hot-

melt of two or more materials through the same die

(Quintavalle et al. 2008). Although it is only applied to

prepare implants and vaginal rings and has not been used

for market oral products yet, co-extrusion technology in

FDC offers the similar advantages to bilayer tablet tech-

nology such as combination of different release profile-

requiring APIs or of simultaneous administration of non-

compatible drugs (Dierickx et al. 2013). The combination

of available polymers in terms of extrusion temperature

and dissolution rate enables to obtain the desired drug

release profile in each layer. However, selecting polymer

combinations is a big challenge in formulation as technical

requirement should be satisfied such as similar extrusion

temperature, melt viscosity, adhesion between layers, and

prevention of interfacial interaction and delamination

(Vynckier et al. 2014b). In addition, it requires specific

equipments such as extruders and specific dies, and com-

plex simultaneous extrusion process which should be

carefully controlled. The thermal behavior and crystallinity

of the individual APIs, physical mixtures and co-extrudate

can be evaluated by differential scanning calorimetry

(DSC). The distribution of the different components in the

coat and core of the co-extrudates was evaluated with

Raman microscopic mapping (Dierickx et al. 2014;

Vynckier et al. 2014a).

Performance evaluation of FDC drug products

Characterization of FDC drug products

The drugs in FDCs are selected based on PK profiles and

manufacturability as well as clinical unmet needs. Various

formulation designs for FDC have been suggested. In

addition to the clinical performance, the physicochemical

integrity of the FDC should be demonstrated. In

bilayer/multilayer tablet formulations, several physico-

chemical problems which can significantly impact the

quality and efficacy of the product including layer sepa-

ration, insufficient hardness, inaccurate individual layer

weight control, and cross-contamination between the layers

should be evaluated (Choi and Jeong 2011). Layer sepa-

ration commonly occurs during the compression or the

dissolution process due to the insufficient bonding between

the adjacent layers during the tablet compression. The

radial lamination of the tablet with the butterfly-shaped

hydrated matrix developed under the influence of swelling

pressure and the differential extent of hydration in bilayer

tablet may affect the undesirable release properties of the

hydrophilic matrix tablet (Cahyadi et al. 2011).

Physicomechanical properties in FDCs can be evalu-

ated by various analytical instruments: Interfacial topog-

raphy is determined by optical microscopy, scanning

electrical microscopy (SEM), laser profilometry, and sty-

lus based perthometer. Molecular dispersion of the drug

in carriers can be detected by DSC and X-ray diffraction

(XRD) (Dierickx et al. 2014). In addition to technical

challenges in FDC formulations, new impurities generated

by chemical interaction between combined APIs in one

formulation have to be considered. Therefore, the stability

issue is critical in development of FDCs. The instability

of combination drugs is categorized into three groups:

physical instability such as color change, precipitation,

and hardness; chemical instability such as variation in

drug content and impurities; and functional instability

such as changes in the drug release pattern. Generated

new impurities should be qualified to be safe in accor-

dance with the ICH guideline Q3A. The approval of

Truvada, an FDC product containing tenofovir and

emtricitabine, developed by Gilead had been refused by

FDA due to failure of providing sufficient information on

the analytical methodology to establish acceptable levels

of recently identified degradants related to emtricitabine

(Caspi 2011).
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PK studies in FDC drug products

During the development of FDC formulations, in vitro

dissolution studies are performed routinely to test product

performance for quality control and to understand the

critical parameters affecting drug biopharmaceutics (Dok-

oumetzidis and Macheras 2006). However, the compendial

dissolution methodologies do not always have sufficient

predictability for in vivo performance including PK prop-

erties as per the formulation change. Therefore, it is nec-

essary to the development of discriminating dissolution

method using new biorelevant dissolution systems with

physiologically relevant conditions (Panchagnula et al.

2006). The development of FDC dissolution method is

more challenging than that of single dosage units due to the

different release mechanisms or significant difference in

dose or physicochemical properties of the APIs. The PK

profiles and in vitro–in vivo correlation (IVIVC) can be

estimated by in silico tools based on the advanced com-

partmental absorption and transit model to reduce the cost

and time in development of FDC drugs by providing viable

formulation options that are intended to improve oral BA

(Heikkinen et al. 2012; Honorio Tda et al. 2013; Kuentz

2008). Once discriminating dissolution method and IVIVC

are established, formulation can be corrected to alter the

in vitro drug release that would result into the desired PK

profiles (Dubey 2012). Prior to human clinical study, pre-

clinical in vivo studies are performed in animals, usually

using dogs. As there may be significant differences among

human and the animal models in GI physiology and the

fraction of dose absorbed (Chiou et al. 2000; Kararli 1995),

there are limitations to predict formulation performance in

human based on preclinical animal data.

Since the synergistic effects in FDCs is hard to be

determined, the BE comparison between drugs in FDC and

drugs co-administered as each single dosage form is a

typical clinical approach for FDC development (Desai

et al. 2013). It is of note that in vivo disposition of the APIs

in FDC products can be changed, when administered

together. If there are PK interactions between the APIs,

possible impact of such interaction on clinical performance

has to be investigated carefully (Dubey 2012). Since lim-

ited dose strengths of FDC products are available, it is of

importance to determine the number and dose strength

combinations in FDC development. In general, the number

of FDC dose strengths to be developed depends on the

medical rationale and/or the number of doses available for

each API. During the FDC formulation development, PK

profile of co-administering two individual single entity

tablets can be evaluated for BE references for the com-

parison of optimized FDC formulation. Food effects on the

APIs in the FDC may be changed. The evaluation of the

effect of food on the absorption of the APIs in FDC is also

recommended by the EMA (EMA, 2006). Food can affect

oral drug absorption by physiological changes of gastric

pH, GI motility, and presystemic metabolism, thereby

changing bioavailability. For example, metformin dosed

after the meal for better GI tolerance, is recommended to

be administered with meals in FDC formulations. More-

over, this bioavailability change is more complicated by

the influence of physicochemical properties of APIs. The

oral absorption of poorly water soluble BCS Class II drugs

is generally enhanced in fed state (Mitra and Wu 2012).

Typically food effect bioavailability studies are designed as

an open label, 2-way, crossover study between fed and

fasting conditions.

BE in FDC drug products

For approval of a FDC product, BE study designed as

randomized, single-dose, two-way crossover in which one

arm receives the FDC, and the other arm receives the same

dose of the APIs, with an adequate washout (generally at

least five half-lives of the API with the longest half-life in

duration) between treatments is generally used. The BE

between sitagliptin/metformin FDC tablets (Janumet�) and

co-administration of corresponding doses of mono-product

was demonstrated in this approach (Migoya et al. 2010).

However, achieving BE can be very challenging since the

predicted biopharmaceutical and PK behaviors could be

changed due to combining multiple APIs and excipients in

a single drug product such as drug–drug interaction or

formulation interaction. One API can upregulate or down

regulate the metabolic enzyme for the other API, thereby

changing their PK parameters. Excipients in FDC formu-

lation may lead to drug degradation under in vivo condi-

tion. If the properties of individual reference drugs are

different, i.e. reference drugs are an immediate release

BCS Class II API and the other extended release BCS

Class II API or a tablet and the other capsule containing

micronized drug, the more sophisticated formulation

design is required to achieve BE (Dubey 2012).

Prior to pivotal BE studies, pilot BA studies can be

performed to screen prototype FDC formulation and to

understand the oral BA of APIs of the FDC product. The

pilot BA study is generally designed as open-label, single

dose, crossover in fasted healthy subjects of which size is

smaller than pivotal BE studies. The prototype formulation

of which PK parameters is similar to those of the reference

treatment can be generally considered for scale-up and be

performed pivotal PK study. In typical FDC development,

BE is achieved if the confidence interval (CI) of ratio (test

product:reference product) of geometric mean of log-

transformed Cmax as well as AUC for each API in FDC and

the respective reference listed drugs using two way one-

sided analysis of variance (ANOVA) are within the 80 to
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125% boundaries (FDA 2006). Replicate study designs are

recommended in case of highly variable drugs with the

within-subject variability of 30%. In spite of their high

intra-subject variability, highly variable drugs generally

have a wide therapeutic window. Therefore, adjustment of

the conventional BE criteria for these drugs and products

may be required to reduce the number of subject in BE

trials. FDA proposed the BE study with three-period, ref-

erence-replicated, crossover design with sequences of test/

reference/reference (TRR), RTR, and RRT (Haidar et al.

2008).

The number of BE studies for the registration of FDC

product consisting of multiple dose strengths should be

determined. In case the APIs show dose-PK linearity across

the dose ranges tested and material attributes such as the

ratio among API and excipients, the manufacturing process

and equipment are similar across all dose ranges, limited

number of BE studies with the highest dose strengths and

demonstration of the similarity of in vitro dissolution

profiles can be enough to register all dose strengths. For

example, BE studies in a randomized, open label, two way

cross over study design at the highest (10/80 mg; n = 62)

and lowest (5/10 mg; n = 64) dose strengths for

amlodipine/atorvastatin FDC were applied for the regis-

tration of 11 different dose proportions including 2.5/10,

2.5/20, 2.5/40, 5/10, 5/20, 5/40, 5/80, 10/10, 10/20, 10/40,

and 10/80 mg (Chung et al. 2006).

Clinical studies in FDC drug products

Although there are no harmonized clinical development

guidance for FDCs, completion of the full phases of clin-

ical trials was not always required for approval by the FDA

(Kwon and Lee 2016). According to the guideline for

clinical development of FDCs by EMA, for the FDC

approval applicants should demonstrate the combination of

APIs enhances the benefit/risk by improving efficacy and/

or safety, compared to the use of single API (EMA 2006).

The FDA suggested required data and information to

demonstrate the contribution of each API to the effect of a

combination in recent published proposed rule, which are

summarized in Table 3 (FDA 2015). According to this

proposed rule, FDCs in which the APIs are directed at the

same sign, symptom or condition should demonstrated

positive risk–benefit greater than the use of single API at its

therapeutic dose. To support the additive or synergic

pharmacological effects of the FDCs over the use of indi-

vidual APIs, a factorial design study is generally applied.

The efficacy and tolerability of the combination of an ARB

(e.g. olmesartan medoxomil) with a CCB (e.g. amlodipine

besylate) in fully additive blood pressure reduction can be

demonstrated by a randomized, double-blind, placebo-

controlled, factorial study (Chrysant et al. 2008; Gradman

et al. 2010). In case of combinations in which one API is

intended to provide a direct effect to improve the efficacy

or safety of another API by making more tolerable another

API, or minimizing an adverse effect or abuse potential

associated with another API, clinical trial should demon-

strate improved safety or effectiveness of the FDC over the

single use of disease- active ingredient. FDCs of cobicistat,

a booster of CYP3A, and protease inhibitors have been

investigated with FDCs of ritonavir-boosted protease

inhibitor (Marzolini et al. 2016; Shah et al. 2013). The

combination in which each API is directed at different

signs or symptoms of a disease or condition may not need

the factorial study if an API does not affect the safety or

effectiveness of another API. Instead the individual effec-

tiveness of API and no interference with each other should

be demonstrated. With the clinical supportive data, the BE

also should be suggested. However, if all clinical data

support the rationale of FDCs, the BE study may be waived

(EMA 2015).

Conclusions and future perspectives

Combination drug therapies have become prevalent for the

prevention and treatment of chronic and complex diseases,

and their necessity and usefulness would be increasingly

continued with advances in pathophysiological, pharma-

cological and pharmacogenomic approaches as well as

existence of unmet medical needs. The regulatory author-

ities already recognize the therapeutic potential of rational

combination therapies and encourage the development of

combination products effective for serious diseases (EMA

2015; WHO 2005; Woodcock et al. 2011). In reality, there

is still a lot of room for the needs of combination therapies

providing improved efficacy, safety and patient compliance

in the management of multiple dreadful and refractory

diseases. Current trend of great increase in elderly patient

population who in most cases need long-term concurrent

therapies may be a great driving force for the more active

development of potential FDC drug products. These cur-

rent status and prospects could bring more opportunities to

develop new oral FDC products for better systematic dis-

ease management from numerous combination possibilities

over different drug classes, which can give an alignment

with promising strategies for lifecycle extension of estab-

lished single drugs in pharmaceutical industry.

In spite of the continuous use of FDC products for better

pharmacotherapies, they often produce no intended thera-

peutic improvement or their benefits cannot often be

understood. In the development of FDC products, the

rationale for drug combination should be established based

on valid therapeutic principles and proven by clinical

outcomes (FDA 2015; Orloff 2005). The selection and
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screening of new drug combinations can be based on pre-

dictions from both action mechanisms and targets of the

active components as well as their PK behaviors (Pourka-

voos 2012; Foucquier and Guedj 2015). However, the

mechanisms and principles that underlie therapeutic ben-

efits of drug combinations are still elusive (Liu et al. 2014).

Notable progresses of computational prediction and high-

throughput screening methodologies using target network

analysis and genomics/bioinformatics systems have con-

tributed to reliable screening and prediction of effective

drug combinations (Chou 2010; Foucquier and Guedj

2015; Huang et al. 2014; Park et al. 2013; Pritchard et al.

2013). Physiologically based absorption and PK modeling

and simulations have become a creditable tool for screen-

ing of potential drug combinations and development of

combination formulations by providing quantitative

assessment on PK interactions and IVIVC of FDC products

and the active components (Min et al. 2016; Mitra and Wu

2012; Sperry et al. 2010). To improve the development

process for FDC products, it is important to establish clear

strategies for both formulation development and perfor-

mance evaluation (Mitra and Wu 2012). The dosage form

design, formulation and process development, and perfor-

mance testing for prospective oral FDC products should be

performed using appropriate strategies for addressing the

defined dose ratios and strengths of active components,

their drug–drug and drug–excipients compatibility, a dos-

ing regimen unified with their separate drug release and PK

profiles, their efficacious PD and PK interactions, patient-

acceptable volume of dosage form and their long-term

stability thorough consideration of their physicochemical

properties, and using combination formulation and drug

delivery technologies eligible for all of the strategies. With

the continuous growth of oral FDC products, innovative

formulation approaches and technologies need to be

invented to optimally develop the FDC formulations suit-

able for a variety of novel drug combinations to be pro-

posed through new therapeutic insights.
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